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ABSTRACT 


This  report  is  a  summary  of  glass  research  undertaken 
during  a  five  year  period  (1967-72)  under  the  sponsorship 
of  the  Advanced  Research  Projects  Agencv.  Research  areas 
which  are  reviewed  include  structure  of  glasses,  synthesis 
and  preparation  of  glasses,  electronic  structure  of  silica 
ultraviolet  spectra  of  silicate  glasses,  electron  spin 
resonance  in  borate  glasses,  structural  and  electrical 
properties  of  chalcogenide  glasses  and  ion  bombardment 
effects  on  the  strength  of  glass. 


PROBLEM  STATUS 
Final  Report 


AUTHORIZATION 

NRL  Problem  P03-07A 
Project  ARPA  Order  2029 
(Formerly  ARPA  Order  418) 


FOREWORD 


In  asking  ARPA  to  help  initiate  a  major  program  of 
ulass  study  at  NRL  in  1966,  it  was  pointed  out  that  the 
challenging  scientific  questions  involved  in  the  structui-e 
oi  glass  and  the  tremendous  technological  potential  of 
Klassv  materials  justify  a  greatly  Increased  national  level 
oi  research  effort  on  non-periodic  solids .. .Class  has  a 

enormous  range  of  properties,  which  can  ^^ri^te/in 
varied  almost  at  will;  moreover  it  can  be  fabricated 
virtually  any  size  or  shape  and  formed  to  any  degree  o 
precision  that  may  be  desired...  Within  the  past  decade  or 
two  a  transformation  has  begun  on  the  traditional  vieu  of 
ilass  as  a  fragile  and  brittle  material,  useful  primarily 
because  of  its  transparency  and  chemical  inertness.  Re" 
search  on  the  chemistry  and  physics  of  ha®  shown  that 

an  astonishing  variety  of  electronic,  chemical,  and  physical 
ch^'ges  can  be  initialed  and  controlled  to  produce  materials 
with  a  wide  variety  of  interesting  properties— photo- 
sensitivity,  luminescence,  electronic  conductivity,  and 
even  flexibility...  The  full  potential  of  glass  is  long 
way  from  being  realized,  progress  is  far  slower  than  in  the 
field  of  crystalline  materials;  this  is  due,  in  Part>  t 
the  relatively  small  number  of  organizations  and  individuals 
engaged  in  research  on  non-periodic  solids  . 

ARPA  support  of  this  proposal  permitted  the  Laboratory 
to  mount  a  substantial  research  effort  on  the 
of  the  optical  and  spectroscopic  probities  of  inorganic 
oxide-based  glasses  to  their  composition  and  structure, 
comprehensive  approach  to  these  problems  was  undertaken 
with  aresearchteam  that  included  synthetic  inorganic  and 
analytical  chemists,  and  experimental  an<J  theoretica 
physicists — all  of  whom  had  been  thoroughly  familial  uith 
basic  concepts  derived  from  studies  of  color  centers  and 
luminescence  of  crystalline  solids,  among  them  ultra-high 
purUy  Preparation  and  careful  characterization  of  samples. 

This  report  summarizes  most  of  the  results  of  the  six 
year  ARPA -sponsored  research  program,  which  began  with  the 
demonstration  that  the  near -ultraviolet  aosorption  o 
ordinary  silicate  glasses  was  an  extrinsic  Phe”°^0"^es 
to  alliovalent  impurities,  principally  iron.  These  ^udie 
have  been  extended  to  other  problems  of  the  glassy  state 
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year  by  year,  and  have  culminated  in  the  recent  finding 
that  silica  (and  perhaps  all  other)  glass  is  much  more 
ordered  than  has  generally  been  believed,  and  that  this 
glass  consists  of  micro-crystalline  regions  of  at  least 
20A  in  dimensions  having  the  trydimite  structure.  In  be¬ 
tween  these  investigations  lay  many  that  shed  light  on  the 
spectroscopy  of  oxide  glasses,  on  their  radiation-sensi¬ 
tivity  and  the  radiation -induced  centers  produced  in  them, 
on  their  mechanical  properties,  and  on  the  structure  and 
electrical  properties  of  chalcogenide  glasses. 

The  reports  by  others  in  1969  of  switching  and  memory 
effects  in  chalcogenide  glasses  touched  off  feverish 
interest  in  the  glassy  state  of  matter  by  technologists 
and  theoretical  physicists  alike — confirming  NRL's 
assessment  of  the  scientific  challenges  and  technical 
promise  of  the  glassy  state.  Glass  and  glassy-state 
phenomena  are  now  recognized  by  the  broad  scientists 
community  as  challenging  scientific  problems,  and  research 
on  these  subjects  is  much  more  widespread  and  sophisticated. 
We  are  grateful  for  ARPA's  support  in  the  days  when  this 
had  not  yet  come  to  pass. 


J.  H.  SCHULMAN 

Deputy  Director  of  Research 


EFFECTS  OF  IMPURITIES  AND  SYNTHESIS  ATMOSPHERE 


UPON  THE  OPTICAL  PROPERTIES  OF  SOME  GLASSES 

R.  J.  Ginther  and  R.  D.  Kirk 


ABSTRACT 

The  effect  of  impurities  upon  the  ultraviolet  absorp¬ 
tion  of  silicate  glasses  has  been  investigated.  Differ¬ 
ent  es  in  ultraviolet  absorption  of  soda -silica  glass  as  a 
function  of  the  melting  atmosphere  are  shown  to  be  due  to 
a  valence  change  of  iron  impurity.  In  samples  of  low  iron 
content  not  exhibiting  this  difference,  other  absorbing 
impurities  have  been  identified  from  their  luminescence 
properties.  Copper  and  sulfur  are  shown  to  produce  yellow 
luminescence  in  glas.3  melted  in  reducing  atmospheres,  and 
Pt4+  has  been  identified  as  the  source  of  red  luminescence 
in  glass  melted  in  air  in  platinum  crucibles.  The  study  of 
olatinum  crucible  corrosion  by  glass  has  been  extended  to 
laser  glasses.  Corrosion  is  shown  to  be  a  function  of  both 
the  melting  atmosphere  and  the  glass  composition  and  a  new 
laser  glass  has  been  developed  which  is  particularly  resis¬ 
tant  to  platinum  contamination.  Preliminary  results  of  the 
development  of  colorless,  devitrification-resistant  alumi¬ 
na!  e  glasses  are  presented. 

INTRODUCTION 

Oxide  type  glasses  have  useful  transmission  in  the 
wavelength  range  of  about  180  nm  to  about  5gm.  Their  high 
softening  temperatures,  structural  strength,  and  relative 
ease  of  fabrication  in  suitable  sizes  and  shapes  make  them 
preferred  materials  for  many  applications.  For  the  short¬ 
est  wavelengths  of  this  range,  fused  silica  alone  is 
employed,  but  its  very  high  melting  temperature  with 
attendant  high  fabrication  cost  and  size  limitations  favors 
the  use  of  more  complex  glasses  of  lower  melting  tempera¬ 
ture  whenever  possible.  The  latter  materials  generally 
exhibit,  a  short  wavelength  absorption  edge  near  320  nm. 
While  a  significant  portion  of  the  poorer  transmission  of 
the  complex  glasses  is  caused  by  absorption  due  to  non¬ 
bridging  oxygen  ions  introduced  by  the  alkali  and  alkaline 
earth  ions  used  as  fluxes  or  glass  modifiers  (1),  impurity 
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ions  also  contribute  to  the  increased  absorption.  In  the 
infrared  region  the  transmission  of  silicate  glasses  gen¬ 
erally  does  not  extend  beyond  about  4  nan  because  of  a 
vibrational  absorption  of  the  silica  component.  The  use 
of  either  germanium  oxide  or  alumina  as  the  glass  former 
in  place  of  silica  extends  the  useful  transmission  to 
around  5  nun .  However .  in  oxide_glasses  the  presence  of 
hydroxyl  groups  produces  the  OH  absorption  band  at  about 
3  gm  The  influence  of  other  common  impurities  upon  trans¬ 
mission  in  this  wavelength  range  does  not  seem  to  have  been 
reported . 

Fused  silica  having  good  transmission  at  wavelengths 
shorter  than  about  200  nm  is  a  very  pure  material,  but  com¬ 
plex  glasses  are  generally  much  less  pure.  For  applications 
of  the  latter  materials  which  require  a  high  purity  such  as 
ultraviolet  transmitting  glasses,  glass  fibers  for  optical 
communications,  scintillators,  dosimeters,  and  lasers,  pure 
glass  synthesis  is  complicated  by  the  necessity  of  obtaining 
a  relatively  large  number  of  pure  raw  materials,  most  of 
which  are  not  as  readily  purified  as  is  silica.  Conse¬ 
quently,  whenever  possible,  studies  of  the  role  of  impuri¬ 
ties  upon  the  optical  properties  of  glass  are  made  with  a 
simple  model  glass  such  as  soda-silica  in  order  to  simplify 
preparation  problems,  However,  in  the  development  of  opti¬ 
cal  glasses  for  practical  applications  more  complex  glasses 
are  required  in  order  to  obtain  optimum  properties  and 
insure  chemical  durability.  In  t ne  latter  case  the  severe 
raw  material  purification  problem  cannot  be  avoided,  and 
the  preparations  obtained  are  seldom  as  pure  as  those  of 
the  model  glass. 

Impurities  can  be  introduced  into  glass  preparations 
from  the  melting  atmosphere  and  crucible  as  well  as  from 
the  raw  materials.  Platinum  is  the  most  inert  crucible 
material  for  silicate  glasses,  but  melts  made  in  such  cru¬ 
cibles  can  be  contaminated  not  only  by  platinum,  but  by 
impurities  in  the  crucible  such  as  iron  and  copper.  Un¬ 
purified  air  atmospheres  are  a  further  source  of  contami¬ 
nation.  Copper  is  reported  to  be  a  common  contaminant 
from  air  (2),  and  water  vapor  in  air  is  of  concern  in  the 
preparation  of  infrared  transmitting  glasses.  Another 
source  of  contamination  in  glass  synthesis  is  impurities 
evolved  from  hot  furnace  ceramics.  Contamination  from  hot 
ceramics  can  be  minimized  by  using  a  locally  heated  system 
such  as  a  cold  wall  induction  furnace  which  employs  the 
platinum  melting  crucible  as  a  susceptor.  Such  a  furnace 
also  permits  a  choice  of  melting  atmospheres.  Its  disad¬ 
vantage  is  a  crucible  temperature  which  is  generally  higher 
than  the  temperature  needed  to  melt  the  glass,  a  system 
which  favors  glass  contamination  by  the  crucible. 
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The  detection  and  determination  of  trace  impurities 
responsible  for  deleterious  absorption  in  glass  is  a  formi¬ 
dable  problem.  In  a  succeeding  section  it  will  be  shown 
that  Fe34-  and  Cu+  in  the  fractional  ppm  range  affect  the 
ultraviolet  absorption  of  sode-silica  glass,  and  the  toler¬ 
able  levels  for  contaminants  such  as  Cu,  Fe ,  Ni ,  Cr ,  and  Co 
in  glass  fiber  optical  waveguides  have  been  set  in  the 
0.05  -  0.002  ppm  range  (2).  Methods  for  trace  element 
determination  in  glass  have  been  reviewed  (3)  and  include 
colorimetric  chemical  analysis,  emission  and  spark  source 
mass  spectrometry,  electron  spin  resonance,  and  nuclear 
activation  analysis,  A  general  qualitative  analysis  by  any 
method  is  seldom  useful  for  the  identification  of  impurities 
in  the  range  of  interest .  A  more  successful  procedure  is 
to  make  an  assumption  that  a  particular  ion  is  the  source 
of  an  unwanted  optical  property,  based  usually  on  available 
information  derived  from  the  properties  of  glasses  heavily 
doped  with  that  ion,  to  set  up  a  sensitive  method  for  its 
determination,  and  to  compare  the  optical  properties  of  the 
glass  of  interest  with  a  series  of  pure  glasses  doped  with 
low  concentrations  of  the  suspected  impurity. 

In  the  following  sections  work  related  to  the  synthesis 
oi  pure  glasses  and  the  identification  of  the  optical  prop¬ 
erties  due  to  trace  impurities  are  reviewed.  Interest  in 
pure  glasses  originated  in  an  earlier  program  of  the  devel¬ 
opment  of  glass  scintillators  (4) .  In  this  work  melting  in 
a  reducing  atmosphere  was  required  in  order  to  maintain  a 
cerium  activator  as  the  Ce3+  ion,  and  a  superior  ultra¬ 
violet  transmission  of  the  undoped  base  glass  was  noted 
when  melting  was  conducted  in  the  reducing  atmosphere 
rather  than  in  air.  In  later  work  with  a  thermolumines¬ 
cent  dosimeter  glass  the  same  improvement  in  transmission 
of  the  base  glass  was  obtained  as  a  function  of  the  mel  .ing 
atmosphere,  and  best  thermoluminescent  response  of  the 
doped  glass  was  found  with  reducing  atmosphere  melts  even 
though  the  glass,  a  terbium  activated  lithium  alumino¬ 
silicate,  had  no  deliberately  added  components  whose  valence 
would  be  affected  by  the  melting  atmosphere  (5) .  These 
observations  were  the  occasions  for  the  study  of  the  effect 
of  melting  atmospheres  on  a  sod  .-silica  glass  and  the 
identification  of  the  impurities  responsible  for  its  atmos¬ 
phere  dependent  properties.  The  identification  of  platinum 
as  one  of  these  impurities  combined  with  the  known  ability 
of  platinum  particles  to  damage  laser  glass  led  to  a  study 
of  the  platinum  contamination  of  this  material  and  the 
development  of  an  essentially  platinum-free  larger  glass. 

The  final  section  reports  some  results  of  a  present  program 
concerned  with  aluminate  glasses.  These  glasses  are  of 
interest  for  their  transmission  in  the  3-5  M-m  region,  and 
because  they  exhibit  a  particularly  severe  problem  of 
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platinum  contamination. 

SODA -SILICA  GLASSES 

The  difference  in  the  ultraviolet  transmission  of  glass 
as  a  function  of  the  melting  atmosphere  noted  previously 
has  been  observed  by  others  and  two  explantions  have  been 
proposed.  Hensler  (6)  suggested  that  excess  oxygen  in  the 
form  of  peroxide  and  superoxide  ions  produced  by  melting 
in  oxidizing  atmospheres  contributes  an  absorption  in  the 
ultraviolet.  An  alternate  explanation  is  that  the  differ¬ 
ence  may  be  connected  with  the  oxidation  state  of  metallic 
impurities  (7).  This  is  based  on  the  fact  that  both  the 
positions  and  extinction  coefficients  of  transition  metal 
ion  absorptions  are  determined  by  their  valence  states. 

A  clear  choice  between  these  explantions  had  not  been  pos¬ 
sible  since  available  preparations  had  not  been  of  suffi¬ 
cient  purity  to  establish  the  intrinsic  absorption  spectrum 
of  the  glass.  Accordingly  the  study  of  the  optical  proper¬ 
ties  of  a  pure  1.0  Na20  -  3.0  Si02  glass  has  been  made  (8). 

Samples  were  prepared  by  melting  both  in  air  and 
reducing  atmospheres.  The  raw  materials  used  were  recry¬ 
stallized  reagent  grade  Na2CC>3  and  Si02  prepared  by  the 
hydrolysis  of  ethylorthosilicate  .  The  iron  contents  of 
most  preparations  of  these  materials  were  in  the  range  of 
0.5  ppm  by  wt .  as  determined  by  colorimetric  analysis. 

Both  undoped  glasses  and  glasses  doped  with  from  1.0  -  1000 
ppm  of  iron  were  melted  under  both  oxidizing  and  reducing 
conditions  in  platinum  crucibles  and  their  absorption  spec¬ 
tra  measured.  Ferric  ion  content  of  the  doped  glasses  was 
determined  from  EPR  measurements,  and  the  Fe3*  content  of 
the  undoped  air  melted  glass  was  obtained  from  both  the  EPR 
and  optical  absorption  spectra.  Further  experimental 
details  are  contained  in  Ref.  (8). 

Figures  1  and  2  illustrate  the  absorption  spectra  of 
the  glasses  melted  in  air  and  in  the  reducing  atmosphere. 
Stronger  absorption  in  the  air  melted  glasses  is  evident, 
even  in  the  undoped  samples.  Iron  absorption  in  the  air 
melted  glasses  is  due  to  a  Fe3+  band  peaking  at  about  225 
nm.  The  absorption  in  the  glasses  melted  in  the  reducing 
atmosphere  is  from  both  Fo24"  and  Fe34-  ions.  From  EPR  data 
it  was  possible  to  determine  the  Fe3+  content  of  the 
reduced  glasses  and  obtain  the  molar  extinction  coefficients 
for  both  Fe2+  and  Fe34-  ions.  By  subtracting  the  Fe3+  con¬ 
tribution  from  the  absorption  spectra  of  the  reduced  glasses 
and  the  base  glass  contributions  from  the  spectra  of  the 
glasses  melted  in  both  atmospheres,  the  absorption  of  both 
Fe^+  and  Fed+  ions  and  their  molar  extinction  coefficients 
were  obtained  as  shown  in  Fig.  3  The  optical  absorption 
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and  EPR  data  employed  in  obtaining  the  above  results  are  in 
Table  I 

Both  EPR  and  absorption  data  indicated  a  Fe3^ 
of  about  6  ppm  in  the  undoped  air  melted  glass  despite 
fact  that  the  iron  content  of  the  raw  materials  predicted 
a  much  lower  concentration.  A  much  purer  air  melted  sample 
was  obtained  from  carefully  prepared  raw  materials  which 
were  subsequently  handled  very  caiefully  in  blending 
then  melted  only  one  hour  in  a  cold  wall  lotion  furnace. 
Iron  could  not  be  detected  in  this  glass  by  either  op  cal 
absorption,  EPR,  or  with  a  spark  source  mass  spectrograph 
operated  with  an  iron  background  of  0.2  ppm.  The 
lion  spectrum  of  this  sample  together  with  the  speetra  of 
earl ier  air  melted  glass  and  glass  melted  in  the  reducing 
atmosphere  are  shown  in  Fig.  4.  The  absorption  of  the  air 
melted  and  reduced  glasses  are  identical. 

The  above  results  indicate  that  the  ultraviolet  ab¬ 
sorption  of  pure  soda-silica  glass  is  independent  o  the 
melting  atmosphere  and  that  previously  measured  differences 
can  be^attr ibuted  to  a  variation  of  the  valence  state  of 
impurities.  While  a  number  of  transition  metal  ions  might 
be  expected  to  produce  an  absorption  variation  as  a  func¬ 
tion  of  melting  atmosphere  if  present  in  sufficient  con 
centration,  iron  appears  to  be  the  only  impurity  encountered 
which  produced  a  measurable  absorption  difference. 

The  above  observation  is  based  on  transmission  meas¬ 
urements  of  samples  of  up  to  a  few  millimeters  in  thick¬ 
ness  However,  in  even  the  purest  samples,  the  presen 
of  other  absorbing  ions  was  demonstrated  by  a  very  weak 
luminescence  under  ultraviolet  light.  The  identi  y 
impurities  resp  msible  for  this  luminescence  has  been 
revealed  by  comparing  the  optical  properties  of  th?  pu.e 
samples  with  those  of  samples  deliberately  doped  with  10 
suspected  to  be  the  luminescence  sources  (9). 

Fig.  5  shows  the  emission  spectra  of  soda -silica  glass 
melted  both  in  air  and  in  a  reducing  atmosphere.  The  red 
luminescence  in  the  air  melted  sample  is  due  to  platinum. 

It  was  obtained  with  only  samples  melted  in  platinum  cru 
cibles  or  with  glasses  melted  in  ceramic  crucibles  wi  n 
deliberate  platinum  doping.  Luminesc ence in  ^  af  ;0 

platinum  had  been  reported  previously  (10),  but  the  valence 
state  of  the  platinum  ion  had  not  been  determined.  ^he 
points  superimposed  on  the  spectrum  of  the  air  me  eg 
represent  the  emission  of  a  preparation  of  KgPtcig.  t 
luminescence  of  which  was  first  reported  by  Douglas  et  al . 
(11)  The  exact  coincidence  of  the  spectra  leads  to  t  i 
conclusion  that  the  red  luminescence  of  the  glass  is  due 
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and  EPR  data  employed  in  obtaining  the  above  results  are  in 
Table  I  . 


Both  EPR  and  absorption  data  indicated  a  Fe^*  content 
of  about  6  ppm  in  the  undoped  air  melted  glass  despite  the 
fact  that  the  iron  content  of  the  raw  materials  predicted 
a  much  lower  concentration.  A  much  purer  air  melted  sample 
was  obtained  from  carefully  prepared  raw  materials  which 
were  subsequently  handled  very  carefully  in  blending  and 
then  melted  only  one  hour  in  a  cold  wall  induction  furnace. 
Iron  could  not  be  detected  in  this  glass  by  either  optical 
absorption,  EPR,  or  with  a  spark  source  mass  spectrograph 
operated  with  an  iron  background  of  0.2  ppm.  The  absorp¬ 
tion  spectrum  of  this  sample  together  with  the  spectra  of 
earlier  air  melted  glass  and  glass  melted  in  the  reducing 
atmosphere  are  shown  in  Fig.  4.  The  absorption  of  the  air 
melted  and  reduceo  glasses  are  identical 

The  above  results  indicate  vhat  the  ultraviolet  ab¬ 
sorption  of  pure  soda-silica  glass  is  independent  of  the 
melting  atmosphere  and  that  previously  measured  differences 
can  be  attributed  to  a  variation  of  the  valence  state  of 
imparities.  While  a  number  of  transition  metal  ions  might 
be  expected  to  produce  an  absorption  variation  as  a  func¬ 
tion  of  melting  atmosphere  if  present  in  sufficient  con¬ 
centration,  iron  appears  to  be  the  only  impurity  encountered 
which  produced  a  measurable  absorption  difference. 

The  above  observation  is  based  on  transmission  meas¬ 
urements  of  samples  of  up  to  a  few  millimeters  in  thick¬ 
ness.  However,  in  even  the  purest  samples,  the  presence 
of  other  absorbing  ions  was  demonstrated  by  a  very  weak 
luminescence  under  ultraviolet  light.  The  identity  of  the 
impurities  responsible  for  this  luminescence  has  been 
revealed  by  comparing  the  optical  properties  of  the  pure 
samples  with  those  of  samples  deliberately  doped  with  ions 
suspected  to  be  the  luminescence  sources  (9). 

Fig.  5  shows  the  emission  spectra  of  soda-silica  glass 
melted  both  in  air  and  in  a  reducing  atmosphere.  The  red 
luminescence  in  the  air  melted  sample  is  due  to  platinum. 

It  was  obtained  with  only  samples  melted  in  platinum  cru¬ 
cibles  or  with  glasses  melted  in  ceramic  crucibles  with 
deliberate  platinum  doping.  Luminescence  in  glass  due  to 
platinum  had  been  reported  previously  (10),  but  the  valence 
state  of  the  platinum  ion  had  not  been  determined.  The 
points  superimposed  on  the  spectrum  ox  the  air  melted  glass 
represent  the  emission  of  a  preparation  of  l^PtClg .  the 
luminescence  of  which  was  first  reported  by  Douglas  et  .  al. 
(11).  The  exact  coincidence  of  the  spectra  leads  to  the 
conclusion  that  the  red  luminescence  of  the  glass  is  due 
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to  the  Pt4*  ion. 

The  contaminant  suspected  as  the  source  of  the  yellow 
luminescence  of  the  glass  melted  under  reducing  conditions 
was  coppe>*.  Copper  doped  samples  were  found  to  have  simi¬ 
lar  emission  spectra,  but  the  spectra  were  broad  and  had  no 
unique  features  which  would  make  an  identification  based  on 
this  property  alone  convincing.  Copper  doped  samples  melted 
in  reducing  atmospheres  were  more  efficient  than  those  melted 
in  air,  demonstrating  that  the  luminescent  activator  was  the 
Cu+  ion  in  agreement  with  the  work  of  Karapetyan  (12).  Fur¬ 
ther  corroboration  of  the  ro’e  of  the  Cu+  ion  as  an  activa¬ 
tor  of  the  yellow  luminescence  of  the  undoped  glass  was 
obtained  from  the  excitation  spectra  of  Fig.  6. 

The  main  excitation  of  the  undoped  glass  and  of  the 
samples  doped  with  up  to  10“°  Cu  is  in  a  band  which  is  still 
increasing  at  240  nm  the  wavelength  limit  of  the  measuring 
equipment  (9).  This  confirms  the  identification  of  copper 
as  a  source  of  the  yellow  luminescence,  but  the  small  peak 
at  285  nm  is  not  due  to  copper,  and  the  shift  of  the  main 
excitation  peak  to  shorter  wavelengths  with  the  higher 
copper  concentrations  was  unexpected. 

The  shift  of  the  excitation  peak  and  the  saturation  of 
the  emission  intensity  with  increasing  copper  content  shown 
in  Fig.  6  are  due  to  the  presence  of  Cu^  ions.  This  was 
determined  from  the  absorption  spectra  cf  Figs.  7  and  8. 

In  the  air  melted  glass,  Cu*-'  ion  is  seen  to  produce  an 
absorption  with  a  peak  at  about  235  nm .  and  this  peak  is 
present  in  the  spectra  of  the  glasses  melted  in  the  reduc¬ 
ing  atmosphere  whose  copper  concentrations  are  those  of  the 
samples  exhibiting  the  shift  of  the  excitation  peak.  The 
Cu**'  ion  absorbs  the  shorter  wavelength  ultraviolet  in  the 
excitation  measurement  without  producing  luminescence, 
rendering  the  longer  wavelengths  relatively  more  effective 
in  exciting  the  glass  and  producing  a  shift  cf  the  measured 
peak.  The  ultraviolet  absorption  spectra  of  Cu+  and  Cu2+ 
ions  are  remarkably  similar  to  those  o+  Fe^  and  Fe2+  ions, 
suggesting  that  the  absorbing  centers  are  similar  complex 
species  involving  ions  of  the  matrix  glass. 

The  copper  content  of  the  ndoped  glass  was  obtained 
from  determinations  made  with  colorimetry,  mass  spectro¬ 
graph  ic  analysis,  and  from  electron  spin  resonance  which 
detects  on  Cu2+  ions  Results  are  shown  in  Table  II.  The 
higher  copper  content  of  the  air  melfed  glass  is  believed 
to  be  due  to  greater  contamination  suffered  in  the  melting 
process  Copper  contamination  of  glass  melts  from  impuri¬ 
ties  in  platinum  crucibles  was  found  fo  be  more  severe  in 
oxidizing  than  in  reducing  atmospheres. 
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The  impurity  responsible  for  the  285  nm  excitation 
peak  proved  to  be  sulfur.  Sulfur  doping  of  sods -silica 
glass  produced  a  yellow  luminescence,  and  the  excitation 
spectra  of  Fig.  9  clearly  show  the  285  nm  excitation  peak 
to  be  a  function  of  sulfur  concentration.  Preparation 
conditions,  doping  with  sodium  sulfate  and  melting  in  a 
reducing,,  atmosphere,  suggests  that  the  luminescent  center 
is  the  S^-  ion.  This  ion  has  not  been  previously  reported 
as  an  activator  of  luminescence.  The  S2  ion  is  known  as 
a  luminescent  activator  of  both  glass  and  crystal::  (13), 
but  this  ion  produces  a  very  different  emission  spectrum 
and  requires  a  much  higher  doping  level  in  glass  than  the 
concentration  which  would  be  present  in  the  rather  pure 
soda-silica  samples. 

A  limited  amount  of  work  with  more  complex  alkali, 
alkaline  earth  slicate  and  aluminosilicate  glasses  demon¬ 
strated  the  copper  and  platinum  contamination  of  these 
materials  as  well.  When  melted  in  a  reducing  atmosphere 
the  undoped  alkali,  alkaline  earth  silicates  luminesced 
yellow  and  the  aluminosilicates  blue.  Pith  these  emissions 
were  from  copper  impurities.  A  luminescence  due  to  sulfur 
was  not  found.  Air  melting  all  these  glasses  in  platinum 
crucibles  produced  the  red  luminescence  of  the  Pt^  ion. 
Subsequent  remelting  of  air  melted  samples  in  a  reducing 
atmosphere  produced  gray  glasses  containing  metallic  plati¬ 
num  particles,  suggesting  that  reduction  of  dissolved  ionic 
platinum  can  be  a  source  of  metallic  platinum  particles  in 
laser  and  other  optical  glasses. 

LASER  GLASSES 

While  platinum  is  widely  used  as  a  container  material 
in  glass  melting,  it  is  recognized  that  this  practice  can 
result  in  contamination  of  the  glass  by  platinum  particles 
(1*0.  These  platinum  particles  have  been  found  to  have  a 
destructive  effect  in  the  Q-switched  operation  of  laser 
glass,  and  extensive  programs  for  the  production  of  plati¬ 
num-free  laser  glass  have  been  pursued  (15).  It  has  been 
shown  that  the  most  important  contaminating  mechanism  is 
the  atmospheric  oxidation  of  the  platinum  crucible  followed 
by  a  vapor  phase  transport  and  reduction  of  the  platinum 
oxide  to  produce  platinum  particles  in  the  melt  (15).  In 
addition  the  reversible  solution  and  reprecipitation  of 
platinum  particles  in  a  glass  melt  has  been  reported  (16) 

Laser  glass  is  currently  melted  in  Platinum  in  a 
nitrogen  atmosphere,  and  available  inspection  techniques 
cannot  detect  platinum  particles  in  this  product.  How¬ 
ever.  this  glass  has  been  found  to  contain  from  2-5  ppm  of 
platinum.  Undoubtedly  the  most  of  this  platinum  is  present 
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as  PtO?  dissolved  in  the  glass  and  is  innocuous  in  laser 
operation.  Analytical  procedures  are  not  able  to  distin- 
guish  between  oxidized  and  metallic  platinum  in  glass  so 
that  the  r-'  oration  of  material  with  a  much  lower  total 
platit.um  co. .tent  would  provide  greater  assurance  of  the  ab¬ 
sence  of  damaging  platinum  particles.  The  work  described 
in  the  last  section  showed  that  air  melting  of  soda-silica 
glass  produced  dissolved  platinum  with  attendant  lumines¬ 
cence,  but  that  melting  in  a  reducing  atmosphere  did  not 
Moreover,  mass  spentrograpbic  analysis,  sensitive  to  50  ppb 
ol  platinum  was  unable  to  detect  this  element  in  bulk  por¬ 
tions  of  the  glass  melted  in  the  reducing  atmosphere 
Accordingly  the  application  of  this  melting  technique  to 
laser  glass  has  been  pursued  (17). 

Samples  of  commercial-type  aluminosilicate  and  barium 
?iaSS?f  WerS  melted  in  nonoxidizing  atmospheres  in 
the  cold  wall  induction  furnace,  and  while  the  inner  or 

WGre  ?latinum  free,  the  surfaces  were  contam- 
Z  ™  +  deposits  of  bright  lacy  platinum  consistent  with 
e  leported  appearance  of  platinum  contamination  resulting 
from  the  crucible  oxidation  mechanism  (15).  The  melts  were 
n°tiJturre?-  but  in  a  Production  process  these  deposits 

c1esd  bS,nirred.lat°  the  Klass  to  Produce  damaging  parti¬ 
cles.  While  such  deposits  had  not  been  noticed  on  soda- 

si  ica  g  ass,  careful  examination  of  this  material  revealed 
similar  platinum  contamination.  The  results  of  melting  the 
laser  glasses  are  shown  in  Table  in. 

The  lesser  contamination  of  the  barium  crown  glass  as 
compared  to  the  aluminosilicate  indicated  an  effect  of  the 
glass  composition,  and  this  effect  was  corroborated  bv  sub- 
sequent  wk  with  an  alkali-free  aluminosilicate  and  with 

flass-  The  results  are  shown  in  Table  IV.  This 
le  indicates  that  the  simple  elimination  of  alkali  will 
not  provide  a  solution  to  the  contamination  problem,  but 
that  contamination  can  probably  be  avoided  by  maintaining 
a  high  ratio  of  silica  to  alkaline  components  if  the  glaL 
i  an  be  melted  at  1400  C.  However,  the  15  and  1.6  soda- 

?5fino?  R^afses  ?id  not  Produce  uniform  glass  at  even  the 
1500  C  melting  temperature. 

fir.-  TlG  la<iy  nature  of  the  platinum  deposits  combined  with 
ifeir  oependence  upon  the  glass  composition  and  melting 
temperature  suggests  that  the  contaminating  mechanism  is 
to'  tlon  Process,  but  that  oxygen  can  be  contributed 

class  meU  P?Grf,  y  ?lssociable  volatile  components  of  the 
ln  J,he  glasses  prepared  these  components  are 
he  alka  i  and  alkaline  earth  oxides  whose  relative  volatil- 

2  and  are  kssociated  with  the  melting  and  boil- 

mg  points  and  1 ree  energies  of  formation  shown  in  Tables  V 


8 


and  VI .  The  available  data  suggested  that  increasing  vola¬ 
tility  and  decreasing  stability  of  vapor  are  in  the  order 
(MgO  +  CaO) ,  SrO,  BaO ,  LigO,  Na20,  K^O.  This  order  plus  the 
importance  of  the  total  concentration  of  alkaline  components 
learned  from  the  soda-silica  glasses  permits  an  interpre¬ 
tation  of  the  contamination  ox  the  complex  laser  glasses. 

The  composition  of  these  glasses  and  the  ratio  of  the  alka¬ 
line  to  the  acidic  components  are  shown  in  Table  VII.  While 
the  aluminosilicate  glasses  contain  desirable  alkaline  com¬ 
ponents,  the  ratio  of  alkaline  to  acidic  materials  is  very 
high.  The  barium  crown  glass  has  a  much  more  favorable 
ratio,  but  employs  more  volatile  and  less  stable  alkaline 
compounds.  Potassium  is  probably  particularly  harmful. 

Work  with  the  soda-silica  glasses  suggested  that  con¬ 
tamination  could  be  minimized  in  a  glass  having  an  alkaline 
to  acidic  component  ratio  of  1-5  if  this  glass  could  be 
melted  at  1400°C.  The  development  of  a  laser  glass  of  this 
ratio  therefore  was  undertaken  with  the  assumption  that  such 
a  glass  would  require  a  relatively  large  number  of  compo¬ 
nents  in  order  to  achieve  the  low  melting  temperature.  Syn¬ 
thesis  was  restricted  to  the  use  of  those  alkali  and  alka¬ 
line  earth  compounds  expected  to  be  least  volatile  and  most 
stable  and  proceeded  with  the  compositions  of  Table  VIII. 

In  glass  number  1,  the  ratio  of  total  alkali  oxide  to 
alkaline  earth  oxide  was  chosen  as  1:4  in  the  expectation 
that  a  low  melting  point  would  be  favored  by  a  high  pro¬ 
portion  of  alkali  oxide.  The  known  tendency  of  lithium 
silicate  glasses  toward  devitrification  led  to  a  choice  of 
the  proportions  1  Li^O  -  3  Na20.  The  proportions  1  MgO  - 

2  CaO  is  that  of  an  eutectic  between  these  materials,  which 
might  be  of  assistance  in  minimizing  the  melting  temperature. 
The  AlgOg  content  of  1.0%  is  typical  of  silicate  crown 
glasses.  This  glass  melted  at  1400°C,  appeared  platinum- 
free,  but  had  a  few  undissolved  seeds  and  many  bubbles.  In¬ 
creasing  its  alumina  content  to  that  of  glass  number  2 
eliminated  the  seeds,  but  not  the  bubbles.  Providing  the 
calcium  as  calcium  fluoride,  a  common  fining  agent,  greatly 
reduced  the  bubble  content,  and  glass  number  3  is  believed 

to  be  a  practical  composition.  Introduction  of  dopant  ions 
such  as  cerium  and  neodymium  to  produce  laser  glass  present¬ 
ed  no  additional  problems. 

A  comparison  of  the  platinum  contamination  of  this 
glass  with  that  of  the  aluminosilicate  and  barium  crown 
type  laser  glasses  made  under  the  same  conditions  are  shown 
in  Table  IX.  The  aluminosilicate  and  barium  crown  composi¬ 
tions  are  those  of  Table  VII,  the  Resistant  glass  is  number 

3  from  Table  VIII,  and  Resistant  D  is  the  same  glass  doped 
with  0.1%  CegOg  and  0.5%.  NdgO^ .  The  surface  platinum 
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a“rabou?  jo  from  a  surface 

:£*£*•?“  1---ts 

IS  lower  for  bulk  samples  of  calcium  °°  fctlvatlon  technique 
for  barium  crown  Surface  ni,r  m  coll,ainmn  glasses  than 
sistant  Klass  only  the  mass'T  W?S  detected  on  the  re- 

very  dose  to  the^sensitivit'^limi^o^rhis ^instrument  ^ level 

cop  tarn  ination°resi  stance  S^Tfacto?  o”P50V-Sont  1"  platinum 

were  prepared  by  a  process  which  vcw  1  ■  J°i"5°0'  A11  glasses 

plat inun  contamination.  The  smaU  -Lni^1-  maximizes 
provides  a  high  ratin  of  «  •  ma-r  sample  size,  about  20  g 

volume  of  the  melt,  and ^induction  T™- SUrface  to  the 
heats  this  surface  to  a  hio-h^  i  *  hetll-inK  technique 

melt.  The  production  of  larger  baTche^Tn  that  °f  lhe 
heated  furnace  should  lead  to^veTleL*  contamlnat^* 

'tLUMINATE  GLASSES 

transmit  in  the^-^mic-on0?!03  ^  aj;uminate  are  known  to 
ing  characteristics  ZdhVh the  hi^  «elt- 
which  do  not  transmit  be  von  d  ?ren«th  of  sili™te  glasses 
are  difficult  to  synthesize  beca.1.^  °n?  .  !fovever*  aliuninates 
blems.  suffer  severe  pUTinum  <onf»  ?  d«vUrlf  lcat  io"  P™- 
at  least  their  visible  and  ultraC  oT  !l  n  Which  restl*icts 
common  with  silicate  glasses  usuaili  »  anSmiSSi0n<  and  in 
tion  near  3  microns  due  in  oh"  aUy  ~VO  a  stronkr  absorp- 
this  OH-  ioi  ahso -ntfop  t  °  0H  ,lons'  eli«uialion  of 

graph! te  crucibles  has  been'r^or'ed  ag/1”*  J"  vacjum 
of  the  devitrification  ami  nisi  J  '  so  the  solution 

be  expected  to  lead  to  more^se fSSTiSf ^arerf0?  problems  would 
glass.  -eiui  infiared  transmitting 

devi  tr  if  i  cat  ion  tresist  ant }  alumina'- °Wiri * bal  among  the  most 

contain  components  such  as  M^O  BaO  ^BeO^r5  &£e  lhose  which 
or  Si02  in  addition  to  CaO  and  A^o'  ’  La2°3  ’  Pb0-  Ge0o 
the  Si8  containing  a  eV 2v S  ?’  b«u*  th*t  in  a11  but2 
problem2even  with  samoles  fhnt vitfif ication  is  a  severe 
ing  from  the  melt.  Inco^poraMor^of aP^dly  quenched  by  cast- 

devitrification,  but  reduced  the  in '  ra.'ed 'f2  siiminated 
yond  4  microns  BeO  alcn  liuraied  transmission  be- 

tance  but  adverse^  aSctcd^a^  devi trif ic*t ion  resis- 
glasses  containing  GeO.  were  a  \™SmlSSlon-  S™e  complex 
o1  Ge02  to  Prevent  devitri  firm  i  piepaied’  but  the  ability 
use  of 2alkalis  and  Fe  0  i  VaS  n°l  mentioned.  The 

has  also  been  reported  ?2C»  1,^01°°  f  devitr  1  f  icat  ion 

p  1 eu  but  elements  such  as  alkalis. 
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Fe ,  Pb ,  and  Ge  cannot  be  used  in  glasses  to  be  remelted  in 
vacuum  in  graphite  crucibles.  Florence  also  noted  that 
aluminate  glasses  were  colored  amber  to  brown  due  to  melting 
1 n  pla t inum  ( 19) . 


In  a  current  exploration  of  the  properties  of  aluminate 
glasses,  more  devitrification  resistant  compositions  have 
been  obtained,  and  the  color  due  to  platinum  has  been 
eliminated.  Twenty  gram  samples  of  aluminate  glasses  have 
been  melted  in  platinum  crucibles  in  several  atmospheres 
and  allowed  to  cool  in  the  melting  crucibles.  Of  previously 
reported  compositions  containing  MgO,  BaO,  CaO, 

GeOg,  SiOg.  LagO , ,  only  those 
liibit  severe  crystallization. 

Mg0,  53  7%  CaO,  7 . 9%  BaO  and  31.6%  Al^Oo  Prove<^  superior  to 
any  previously  reported  for  the  MgO.  CaO,  BaO,  Alo0Q  system. 


A12°3  * 

containing  SiOg  failedJto  ex- 
A  new  molar  composition  6.8% 


8.6%  MgO,  49.2^ 


29 


was 


„  CaO,  6.7%  BaO, 

completely  devitrification  resistant  £s 


1%  ki9o. 


\  composition 
and  6.4%  SiO„ 

expected,  ana  a  germanium  analog  containing  GeO?  instead 
of  SiOp  was  nearly  equally  good.  A  new  composition  con¬ 
taining  9.2%  MgO,  48.0%  CaO,  7.7%  BaO.  32.4%  A120„  and  2.7% 
,0„  was  about  as  good  as  the  germanium  glass.  rne  infra- 

1  i  V\c/AY»r\t  i  nn  f  f  Vio  flo  f) 

u2 


Y, 

rlfd' 
yet 


absorption  of  the 
to  be  determined. 


the  germanium  glass, 
and  containing 


glasses  are 


Melting  in  nonoxidizing  atmospheres  produced  colorless 
glasses  with  the  above  four  compositions.  A  comparison  of 
the  transmission  of  the  MgO,  CaO,  BaO,  AlgO-  glass  melted 
in  air  with  that  of  a  sample  melted  in  a  reducing  atmos¬ 
phere  is  shown  in  Fig.  10.  The  poorer  transmission  of  the 
air  melted  sample  in  the  visible  and  ultraviolet  is  due  to 
dissolved  platinum,  the  absorption  in  both  glasses  at  3 
microns  is  from  the  OH  band.  The  reason  for  the  poorer 
transmission  of  the  air  melted  glass  at  the  longest  wave¬ 
length  is  not  known.  The  reduction  of  the  OH  band  by  the 
reducing  atmosphere  melting  was  greater  than  expected  since 
the  atmosphere  used  was  not  the  dryest  obtainable  in  the 
cold  wall  furnace.  It  is  possible  that  further  improve¬ 
ments  in  the  atmosphere  control  could  eliminate  the  OH 
band  and  the  necessity  for  remelting  in  graphite  crucibles 
in  vacuum. 


The  earlier  work  with  laser  glasses  provided  compo¬ 
sitional  guidelines  for  the  preparation  of  platinum-free 
glass.  A  ratio  of  alkaline  to  acidic  components  of  about 
1:5  was  found  useful.  Such  a  ratio  cannot  be  achieved  in 
the  aluminate  glasses  since  the  glass  forming  region  is 
limited  to  compositions  near  a  1:1  ratio.  In  most  samples 
of  aluminate  glass  prepared  by  melting  in  nonoxidizing  at¬ 
mospheres,  metallic  platinum  contamination  was  observed  by 
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inspection  with  a  low  power  microscope.  While  in  silicate 
glasses  platinum  deposits  were  found  only  on  the  surfaces  of 
glass  nelts,  in  aluminate  glasses  crystals  of  platinum  were 
observed  in  interior  portions  as  weLl  Some  observations 
on  the  platinum  contamination  as  a  function  of  the  melting 
atmosphere  are  shown  in  Table  X.  The  formation  of  these 
platinum  deposits  was  found  to  be  independent  of  the  pre¬ 
sence  of  silicon,  germanium,  or  yttrium,  except  that  no 
germanium  containing  samples  were  melted  in  atmospheres  con¬ 
taining  CO. 

The  brown  and  yellow  colors  are  due  to  dissolved  plati¬ 
num.  With  only  a  high  purity  argon  atmosphere  was  platinum 
contamination  not  observed.  However,  in  light  of  the  fact 
that  the  aluminate  glass  compositions  are  not  considered 
favorable  for  platinum  contamination  resistance,  the  effec¬ 
tiveness  of  the  argon  atmosphere  awaits  confirmation  by 
sensitive  chemical  analyses. 

SUMMARY 

Work  on  the  synthesis  of  pure  glasses  and  the  determi¬ 
nation  of  the  effects  of  impurities  upon  the  optical  prop¬ 
erties  of  some  glasses  has  been  reviewed.  The  near  ultra¬ 
violet  absorption  of  silicate  glasses  has  been  shown  to  be 
due  to  impurities,  particulai  iy  iron,  and  iron  has  been 
demonstrated  as  the  source  of  the  variation  of  the  ultra¬ 
violet  absorption  of  these  glasses  as  a  function  of  melting 
atmosphere.  Copper,  sulfur,  and  nlatinum  has  been  identi¬ 
fied  as  absorbing  impurities  from  luminescence  studies. 
Platinum  contamination  from  glass  melting  crucibles  has 
been  found  to  be  a  function  of  both  the  glass  composition 
and  melting  atmosphere,  and  a  new  nearly  platinum-free 
laser  glass  has  been  developed.  New  compositions  and 
melting  procedures  have  been  obtained  ior  infrared  trans¬ 
mitting  aluminate  glasses  which  are  resistant  t.o  both 
devitrification  and  platinum  contamination. 


12 


REFERENCES 


1.  J.  M.  Scevels,  Proceedings  of  The  11th  International 
Congress  on  Pure  and  Applied  Chemistry  5,  519  (1953). 

2.  C.  K.  Kim,  S.  S.  Voris,  and  W.  G.  French,  Glass 
Technol.  7,  128  (1971). 

3.  D.  E.  Campoell  and  P.  B  .<  Adams ,  Glass  Technol.  10, 

29  (1969),  j  — 

4.  R.  J.  Ginther  and  J.  H.  Schulman,  IRE  Tram*,  on 
Nuclear  Science  NS-5,  92  (1958). 

R.  J.  Ginther,  IRE  Trans,  on  Nuclear  Science,  NS-7, 

28  (1960) . 

5.  R.  J.  Ginther,  in  Luminescence  Dosimetry;  Ed.,  F.H. 
Attix,  Proceedings  of  International  Conference  on 
Luminescence  Dosimetry,  Stanford  University,  Stanford, 
California  1965.  (AEC  Symposium  Series  8,  1967)  p. 
118. 

6.  J.  R.  Hensler,  in  Advances  in  Glass  Technology  Part  2, 
Eds.,  F.  B.  Matson  and  G.E.  Rindone  (Plenum  Press, 

New  York,  1963)  p.  25. 

7.  A.  M.  Bishay,  Phys .  Chem.  Glasses_2,  26  (1961). 

H.  L.  Smith  and  A.  J.  Cohen,  Phys.  Chem.  Glasses  4, 

173  (1963). 

8-  G.  H.  Sigel  and  R.  J.  Ginther,  Glass  Technol.  9,  66 
(1968). 

9.  R.  J.  Ginther  and  R.  D.  Kirk,  J.  Non-Crystalline 
Solids  6,  89  (1971). 

10.  G.  E.  Rindone,  in  Luminescence  of  Inorganic  Solids, 
Ed.,  P.  Goldberg.  (Academic  Press,  New  York,  1966) 
p.  425.  C.  Hirayama  and  F.  E.  Camp,  J.  Electrochem. 
Soc.  115,  1275  (1968). 


13 


11.  I.  N.  Douglas,  J.  V.  Nicholas,  and  B.G.  Wyburn, 

J.  Chem.  Phys .  4S_,  1415  (1968). 

12.  G.  0.  Karapetyan,  Izv.  Akad .  Nauk.  SSSR ,  Ser .  Fiz. 
25.,  539  (1961). 

13.  J.  H.  Schulman  and  R.  D.  Kirk,  Solid  State  Commun .  2 
105  (1964). 

R.  D.  Kirk,  J.  H.  Schulman,  and  H.  B.  Rosenstock, 
Solid  State  Commun.  3_,  235  (1965). 


14.  G.  E.  Rindone  and  J.  L.  Rhoads,  J.  Am.  Ceram.  Soc . 
39,  173  (1956). 

15.  R.  F.  Woodcock,  Final  Report  of  Office  of  Naval 
Research  Contract  NONR  4656(00)  August  1969. 


16. 

Ye 

2, 

.  I 
26 

.  Galant 
(1960) . 

and 

N.  A.  Vyaz'mina,  Opt.  Mekh.  Prom. 

17  . 

R. 

J. 

Ginther , 

J. 

Non-Crystalline  Solids  6,  294  (1971) 

18. 

J. 

R. 

Davy,  U. 

S. 

Patent  3,338,694  (1967). 

A. 

J. 

Worrall , 

Infrared  Phys.  8,  49  (1968). 

19. 

J. 

M. 

Tlorence 

,  F 

.  W.  Glaze,  and  M.  H.  Black,  J.  Res. 

A.  Zf  .  cl  .  m  .  X  XUi  C  HOC  ,  1  .  fi  .  V-I  xa/jC  ,  «uu  m  •  n.  ^xi*vi\  ,  o  . 

Natl.  Bur.  Standards,  55^,  231  (1955). 

20.  H.  C.  Hafner,  N.  J.  Kreidl,  and  R.  A.  Weidel,  J.  Am. 


Ceram.  Soc . _41 ,  315  (1958). 


14 


TABLE  I 


Correlation  of  Optical  Absorption  and 
Electron  Spin  Resonance  Intensity  in 


Iron 

-Doped  1.0 

Na20  -3.0  Si02 

Glasses 

Iron 

Level 

Doping 

(ppm) 

Melting 

Atmosphere 

Optical 
Absorption* 
Coef f icient 

Normalized 
Electron  Spin 
Resonance** 

at  225  nm 

Intensity  at 

(cm“l)  (1  nun 
thickness) 

g  «  4.28  due 
to  Fe^+ 

0 

Air 

4.9 

5.9 

10 

Air 

13 .2 

15.0 

100 

Air 

93.0 

105 

1000 

Air 

920 

1000 

0 

Reducing 

0.0 

0.0 

10 

Reducing 

3.1 

1.1 

100 

Reducing 

14.0 

4.0 

1000 

Reducing 

82.0 

14.1 

*  Optical  background  level  taken  as  that  of  an  undoped 

glass  melted  in  a  reducing  atmosphere  with  negligible 

iron  absorption.  Wavelength  of  225  nm  corresponds  to 
3+ 

center  of  Fe  absorption  band. 

3+ 

**  EPR  intensity  normalized  to  ppm  of  Fe  at  1000  ppm. 
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TABLE  II 


Copper  Content  of  Undoped  Glass 

Analytical  Air  Melted  Glass  Melted 

Method  Glass  in  Reducing  Atmosphere 

EPR  2  X  10"6 

Colorimeter  1.5  ±  0.2  X  10 

Mass  Spectrograph 
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TABLE  V 


Melting  and  Boiling  Points  of  Alkali  and 
Alkaline  Earth  Oxides 


Compound 

Melting  Point  °K 

Boiling  Point 

Li2° 

2000 

Na2° 

1190 

<  2500 

k2° 

(980) 

MgO 

3173 

CaO 

2873 

3800 

SrO 

2703 

BaO 


2196 


3000 


TABLE  VI 


Free  Energy  Change  fur  Reaction 

r+£o2-ro 

or 

Compound  A  i'°T 

(Calories,  1500°K) 


K2° 

15,400 

Na2° 

36,600 

Ll2° 

89,500 

BaO 

99,000 

SrO 

-  106,000 

MgO 

-  101,700 

CaO 

-  114,500 

20 


Compositions  of  Contamination  Resistant  Glasses 

(Mole  /r) 


TABLE  IX 


TABLE 


OPTICAL  DENSITY 


WAVELENGTH  (nm) 

Fig.  1  -  Absorption  spectra  of  iron  doped  glasses  melted  in  air 
Sample  thickness  1  mm. 


OPTICAL  DENSITY 


Fig.  2  -  Absorption  spectra  of  iron  doped  glasses  melted  in 
reducing  atmosphere.  Sample  thickness  1  mm. 
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MOLAR  EXTINCTION  COEFFICIENT  (  liters  /  mole  cm  ) 


Fig.  3  -  Molar  extinction  coefficients  for  ferric  and  ferrous 
ions  in  soda-silica  glass. 

A  1000  ppm  iron 

0  100  ppm  iron 

□  10  ppm  iron 
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WAVELENGTH  (nm) 


Fig.  4  -  Ultravioleted  absorption  of  undoped  soda -silica  glass 
melted  in  air  and  in  reducing  atmosphere. 

A  Air -melted 

0  Melted  in  reducing  atmosphere 

□  Air-melted,  high  purity 
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WAVELENGTH  (NANOMETERS) 

Fig.  5  -  Emission  spectra  of  undoped  glasses 


DOP 


Fig.  7  -  Absorption  spectra  of  copper  doped  glasses  melted 
in  reducing  atmosphere 
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Absorption  spectra  of  copper  doped  glasses  melted  in  air 


DIFFRACTION  EVIDENCE  FOR  TRIDYMITE-LIKE  ORDERING 
IN  oILICA  AND  GERMANIA  GLASSES 


John  Konnert ,  George  A.  Ferguson,  Jerome  Karle 


The  nature  of  the  atomic  arrangements  in  glass  is 
currently  the  subject  of  considerable  debate.  In  one 
model,  the  glass  is  described  as  a  "random  network"  (1) 
in  which  only  the  shortest  interatomic  distances  corre¬ 
spond  to  those  in  a  crystalline  phase.  In  another  model, 
the  glass  is  depicted  as  composed  of  small  regions  of 
crysl alline-like  order  that  are  bonded  together  in  essen¬ 
tially  random  orientations  (2).  The  diffraction  patterns 
oi  glasses  have  generally  been  interpreted  as  supporting 
the  "random  network"  model. 

It  was  felt,  however,  that  certain  inaccuracies  both 
in  the  data  collection  and  data  processing  could  be  mask¬ 
ing  important  structural  information  that  could  prove  use¬ 
ful  in  differentiating  among  models.  The  main  sources  of 
error  in  analyzing  the  diffraction  data  are: 

1.  Insufficient  accuracy  of  the  raw  data  experimen¬ 
tal  measurements. 

2.  Inaccurate  separation  of  the  interatomic  distance 
contribution  to  the  total  intensity. 

3.  Experimental  limitations  on  the  range  of  the  data 
collection. 

Problem  1.  is,  of  course,  solved  by  collecting  the 
data  to  a  high  degree  of  statistical  accuracy,  a  time-con¬ 
suming,  but  straight-forward,  procedure.  The  latter  two 
problems  have  been  solved  by  the  imposition  of  constraints 
on  the  resultant  radial  distribution  function  (RDF)  (3). 

A  procedure  similar  to  that  developed  in  the  field  of 
electron  diffraction  of  gases  is  employed  to  separate 
from  the  total  intensity  that  portion,  i(s),  containing 
the  interatomic  distance  information  (4) .  The  experimen¬ 
tal  limitation  of  the  data,  the  truncation  problem,  has 
been  solved  by  recognizing  that  only  the  several  shortest 
distances  occurring  in  the  sample  are  sufficiently  ordered 
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to  contribute  appreciably  to  the  diffraction  pattern  at  the 
experimental  limit  of  data  collection.  These  short  dis¬ 
tance  (SD)  contributions  may  be  removed  from  i(s)  by  re¬ 
quiring  that  the  resultant  RDF  be  free  from  spurious  de¬ 
tails  at  small  and  large  r.  The  equation  utilized  is: 


r2D(r)  =  4  v  r2(o(f)  -  0o)  = 


max 


2v 

r 


r-.  N.  .f.f.  exp  (-£?  .s2/2) -sinsr  .  4 
Ki  (s)  -  —  fr-  - - ^ 


SD 


sr  .  .  f 1 


lj] 


ij  i- 


uc 


sinsr  ds 


+  SD  contributions 


2 

where  s  =  (4ttt  sin0/\),  X  is  the  wavelength,  20  is  the  angle 
between  the  incident  and  diffracted  beam,  K  places  the  in¬ 
tensity  on  an  absolute  scale,  r^j  is  the  distance  between 
the  ith  and  jth  atoms,  is  tne  coordination  number, 

is  the  disorder  parameter',  UC  is  the  unit  of  composition 
(Si02  or  Ge02) ,  smax  is  the  experimental  limit  of  data  co¬ 
llection,  t^e  f's  are  the  atomic  scattering  factors,  pQ  is 
the  density  parameter,  and  4trr^p  (r)  is  the  probability 
weighted  by  the  scattering  factors  of  finding  atoms  in  the 
sample  separated  by  r  in  the  distance  interval  (r,  r+dr). 

This  newly  developed  data  reduction  procedure  has  been 
employed  with  diffraction  data  obtained  from  silica  glass 
and  germania  glass.  X-ray  diffraction  data  were  collected 
with  MoKq  radiation  using  samples  formed  both  from  fusing 
quartz  and  fusing  the  vapor  phase  hydrolysis  products  of 
pure  silicon  compounds  ("infrasil"  and  "suprasil" ,  prepared 
by  Amersil  Inc.).  All  data  sets  produced  nearly  identical 
RDF  curves.  Neutron  diffraction  data  were  collected  with 
0.84  A  neutrons  at  the  National  Bureau  of  Standards  using 
"suprasil"  and  germania  glass  samples  prepared  by  Mr. 

Robert  Ginther  of  the  Naval  Research  Laboratory.  The  RDF's 
are  illustrated  in  Fig.  1.  Significant  features  are  pres¬ 
ent  out  to  at  least  20  A,  features  that  are  not  consistent 
v/ith  the  popular  "random  network”  model. 

There  exist  several  polymorphs  of  silica  with  varying 
densities;  2.20  g/cc  for  the  glass,  2.31  g/cc  for  tridymite, 
2.32  g/cc  for  cr istobalite ,  2.49  gm/cc  for  kestite,  2.65 
g/cc  for  quartz,  3.01  g/cc  for  coesite,  and  4.28  g/cc  for 
stishovite.  These  densities  suggest  that  tridymite  and 
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cr istobalite  might  be  related  to  the  predominant  atomic 
arrangements  in  the  glass.  Germania  has  been  observed  to 
exist  in  three  polymorphs;  the  glass  with  a  density  of  3.65 
g/cc,  a  quartz  type  structure  with  a  density  of  4.2  g/cc* 
and  a  rutile  structure  with  a  density  of  6.2  g/cc 1  Signifi¬ 
cantly  ,  the  ratio  of  the  densities  of  germania  glass  to 
quartz-like  germania  is  the  same  as  the  ratio  of  the  densi¬ 
ties  of  tridymite  to  quartz. 

RDF's  were  calculated  for  the  crystalline  forms  by 
broadening  the  Bragg  maxima  in  the  powder  diffraction 
patterns  to  correspond  to  an  11  A  particle  size  for  3/4  of 
the  sample  and  a  20  A  size  for  1/4.  The  crystalline  struc¬ 
tural  parameters  for  quartz  (5)  and  cristobalite  (6)  are 
well  known  from  crystal  structure  analysis  and  were  used  to 
calculate  the  powder  diffraction  pattern.  Tridymite  how¬ 
ever,  forms  highly  twinned  crystals  and  the  precise  struc¬ 
ture  has  not  yet  been  obtained.  Evidence  for  the  bonding 
topology  is  provided  by  a  high-temperature  structure  (7) 

For  this  reason  a  powder  diffraction  pattern  was  collected 
experimentally  on  a  sample  that  possessed  orthorhombic 
diffraction  symmetry  with  cell  dimensions  of  a  =  81  97  A 
b  =  9.94  A,  and  c  =  17.23  A.  ’ 

In  Fig,  1  the  RDF's  are  illustrated.  It  can  be  seen 
Uiat  the  x-ray  RDF  for  silica  glass  is  quite  similar  to  the 
Ri)I-  obtained  from  the  powdered  tridymite,  but  considerably 
d  l  f ferent  from  those  obtained  from  cristobalite  and  quartz 
The  RDF  for  germania  glass  from  neutron  diffraction  is  very 
similar  to  the  RDF  for  silica  glass  from  x-ray  diffraction. 
Since  the  Ge  and  0  atoms  scatter  neutrons  with  approximate¬ 
ly  the  same  relative  efficiency  as  Si  and  0  atoms  scatter 
x-rays,  the  RDF's  strongly  suggest  that  silica  glass,  ger¬ 
mania  glass,  and  tridymite  possess  very  similar  short -ranee 
order .  * 

The  diffraction  data  for  the  glasses  are  consistent 
with  a  struct ure  in  which  nearly  all  of  the  atoms  are  with¬ 
in  tr idymite-like  regions  of  dimensions  up  to  at  least  20 
A.  If  this  interpretation  is  correct,  it  requires  that 
these  regions  be  bonded  efficiently  together  in  a  manner 
analagous  to  twinned  crystals,  but  with  a  fairly  large 
number  of  relative  orientations  and  small  distortions  that 
result  in  isotropic  macroscopic  properties.  The  junctures 
between  the  ordered  regions  could  then  be  related  to  differ¬ 
ences  in  the  inner  regions  of  the  RDF's  of  silica  glass  and 
1 1*  idymite-like  particles. 

In  summary,  the  development  of  procedures  for  obtain¬ 
ing  RDF's  with  a  high  degree  of  accuracy  has  resulted  in 
the  observation  of  structural  details  that  were  heretofore 
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unobtainable . 
tween  glasses 


These  details  imply 
and  crystals  on  the 


a  great  similarity  be- 
atomic  level. 
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Fig.  1  -  Radial  distribution  functions  for  silica  and  germania 
glasses  and  comparison  functions  derived  from  the  broadened 
power  patterns  of  crystalline  polymorphs 
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ULTRAVIOLET  SPECTRA  OF  SILICATE  GLASSES 


A  REVIEW  OF  SOME  EXPERIMENTAL  EVIDENCE 


G.  II.  Si  gel  Jr. 


ABSTRACT 

Ultraviolet  spectroscopy  is  a  useful  experimental  tool 
for  the  determination  of  the  electronic  structure  of  glass¬ 
es.  This  paper  discusses  the  ultraviolet  spectra  of  SiO„ 
and  high  purity  silicate  glasses.  It  considers  in  turn, 
absorption  intrinsic  to  the  Si-0  network,  the  effects  of 
network  modifiers,  impurity  induced  absorption,  lumines¬ 
cence  and  radiation  damage,  both  permanent  and  transient, 
in  the  wavelength  region  extending  from  90  to  350  nm . 


I  INTRODUCTION 


Recent  technological  advances  in  areas  such  as  fiber 
communications,  laser  rods  and  windows,  integrated  optics, 
and  electronic  devices  have  focussed  attention  on  the  pre¬ 
paration  and  characterization  of  high  purity  glasses.  One 
field  of  particular  significance  is  the  ultraviolet  spectro¬ 
scopy  of  Si02  and  silicate  glasses.  The  far  u.v.  is  the  re¬ 
gion  of  the  fundamental  electronic  absorption  of  the  glass¬ 
es.  It  is  in  the  u.v.  that  both  substitutional  and  modify¬ 
ing  impurities  exhibit  their  strongest  absorption.  In 
addition  u.v.  excitation  normally  produces  luminescence  in 
silicate  glasses.  Finally  the  basic  radiation-induced  de¬ 
left  centers  in  silicates  exhibit  absorption  bands  in  the 
u.v.  region. 


This  paper  summarizes  the  results  of  an  effort  aimed 
at.  characterizing  the  ultraviolet  spectra  of  high  purity 
SiOv  and  simple  silicate  glasses.  It  considers  in  turn, 
intrinsic  absorption,  impurity-induced  absorption,  lumi¬ 
nescence  and  radiation-induced  absorption,  both  permanent 
and  transient,  which  occur  in  the  region  extending  from 
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90  to  350  nm.  The  purpose  of  the  paper  is  not  to  give  a 
comprehensive  review  of  the  ultraviolet  spectra  of  glasses 
but  whenever  possible,  references  have  been  made  to  pre¬ 
vious  work  in  the  field. 


II  EXPERIMENTAL 


Materials  Preparation 


Fused  silica  samples  of  Corni 
sil  and  Dynasil  were  used  for  this 
Sawyer  crystalline  quartz. 


ng  7940  and  7943,  Supra- 
investigation  as  well  as 


The  alkali  and  aluminum -doped  silica  samples  which 
were  used  were  prepared  by  E.  Lell  while  at  Bausch  and 
Lomh  Inc.,  using  a  flame  fusion  technique  described  else- 
whereO) .  Flame  photometric  determinations  of  the  alkali 
content  were  made (2)  since  considerable  loss  can  occur  dur- 
ing  preparation. 


The  alkali  silicate  glasses  were  prepared  by  R .  J 
Ginther  of  the  NRL  Central  Materials  Staff.  Transition 
metal  content  of  the  best  melts  was  less  than  0.5  ppm.  ESR 
colormetnc  analyses,  and  mass  spectrographic  analyses  were 
used  to  select  both  the  purest  starting  materials  a 2  welt 
as  finished  glasses. 

Thin  glass  films  were  prepared  using  an  MRC  r-f  sput¬ 
tering  unit.  Target  materials  were  selected  from  those 
glasses  mentioned  above. 


Measurements 


Ultraviolet  absorption  measurements  above  200  nm  were 
made  on  a  Cary  14  spectrometer.  Samples  were  mounted  in  an 
optical,  dewar  whose  temperature  could  be  varied  from  room 

lLoiiq99s  U®i1S?«;temperature*  Bel<™  200  nm,  McPherson 
model.  225  and  235  vacuum  u.v.  instruments  were  used  to  make 
leflectance  and  absorbance  measurements  respectively.  A 
speciai  ref lectometer  designed  by  Berning  et  al**>  wjs  used, 

Samples  were  irradiated  with  50  kV  x  rays.  2  MeV  elec¬ 
trons,  and  pulsed  600  keV  electrons.  The  pulsed  irradia¬ 
tions  were  performed  using  a  Febetron  706  accelerator. 
Samples  were  maintained  at  constant  temperature  (300° ’  77° 
or  4.2  X)  and  radiation  induced  coloration  was .measured  by 
observing  the  attenuation  of  monochromatic  light  passed 
through  the  region  of  the  sample  in  which  the  incident 
electrons  were  stopped.  The  experimental  setup  is  shown 
in  figure  1.  and  has  been  described  by  Williams  et  al(4)_ 
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The  apparatus  was  designed  to  measure  transient  radiation 
effects  in  optical  materials. 

ESR  measurements  were  made  using  Vardan  E-3  and  E-9 
spectrometers  operating  at  x  band  frequency. 

Ill  RESULTS  AND  DISCUSSION 

A-  Fundamental  Ultraviolet  Absorption  of  SiO„ 

2 

Fused  silica  and  crystal  a -quartz  both  consist  of  Si 
toms  tetrahedrally  bonded  to  four  0  atoms,  each  0  atom 
being  common  to  (bridging)  two  such  Si04  tetrahedra.  The 
M-0  bond  distance  is  roughly  1.61A  in  both  materials.  The 
i-0-Si  bond  angle  in  crystal  a -quartz  is  144°,  but  may 

Tv'  edJre?  ^ll.1Ca‘  ,Fi^urc  2  shows  the  position  of  the 
ind  alnll  ?  puriJy  crystalline  quartz,  fused  silica 
licate  glass.  The  shift  of  the  edge  of  silica  rel- 
ive  to  quartz  is  thought  to  occur  because  of  the  distri- 

variation  ^  in  the  *lass  ’  resulting  in  a 

variation  in  bond  energies.  However,  the  electronic  ab- 

sorption  is  primarily  determined  by  the  short  range  order. 

WaS  ti1G  ±lrSt  t0  measuro  the  u.v.  reflectance  of 
rystalline  quartz  and  fused  silica  and  noted  the  similar- 

ty  of  the  two.  Figure  3  shows  the  reflectance  spectra 
taken  m  our  laboratory  of  high  purity  a  -crystal  quartz 

!nd  Slll^a-  Th°  slmilaritV  of  the  reflectance  of  the 
c-rjstalluie  and  glassy  Si02  indicate  that  the  absorption 
bands  are  not  strongly  dependent  on  the  long  range  perio- 

f  This  suggests  that  the  absoJpUon 

aiises  from  electronic  transitions  characteristic  of  the 
i04  tetrahedron.  The  first  absorption  peak  in  SiOp  does 

cutof^^ru^11^20  nm,a°'2  eV)  altho^gh  the  transmission 
toff  occurs  at  significantly  lower  energy  (8.2  eV) . 

The  necessity  for  some  ordering  even  in  the  glass  is 
suggested  by  measurements  made  on  sputtered  SiOp  films 
These  films  do  not  exhibit  in  reflectance  any  spectral’ 
structure  such  as  found  in  the  bulk  silica  samples.  Rather 
they  show  an  ever  rising  absorption  edge  near  8  eV.  Since 
the  films  were  prepared  in  argon,  they  may  be  slightly 

tKfeven  S?oenh'  lltTver  PhilliP^  has  recently  shown 
.h  ^  f,°  shows  structure  similar  to  SiOp.  It  must  be 
concluded  that  the  failure  to  observe  any  structure  in  the 

in1?™115  fS°m  the  lack  of  even  verF  short  range  order 
nit  llll!ls*  Supporting  this  hypothesis  was  the  evidence 
Uat  annealmg  m  vacuum  at  750°C  partially  restores  the 

S 1O9 1  films trUCt Ule  °f  th°  u,v*  reflectance  of  sputtered 
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Several  theoretical  papers  (7-10)  in  the  past  lew 
years  have  attempted  interpretations  of  the  fundamental  ab¬ 
sorption  of  Si02 •  There  is  not  universal  agreement  at  this 
time  with  regard  to  the  electronic  transitions  involved. 
Loh(H)  had  proposed  that  the  10.2  eV  peak  was  an  exciton 
(i.e.,  a  bound  electron-hole  pair)  of  the  Si-0  antibonding 
level  and  the  11.5  eV  peak  represented  an  interband  tran¬ 
sition.  This  tentative  assignment  was  made  by  the  compari¬ 
son  of  the  Si02  spectra  with  that  of  other  semiconductors 
and  insulators  on  the  assumption  that  in  general  exciton 
transitions  result  in  sharp  peaks  while  interband  transi¬ 
tions  manifest  themselves  as  either  broad  peaks  or  absorp¬ 
tion  edges.  A  valence  bond  model  of  Ruffa(  '  for  Si02 
gives  general  support  to  this  interpretation.  Rufl'a  identi¬ 
fied  the  sharp  (120  nm)  10.2  eV  peak  with  a  Wannier  exci¬ 
ton  formed  by  the  breaking  of  a  single  Si-0  bond.  The  next 
broad  peak  at  108  nm  (11.5  eV)  was  attributed  to  band-to- 
band  transitions. 

Reilly^®^  employed  a  molecular  orbital  approach  to 
interpret  the  valence  levels  of  Si02,  using  hybrid  orbitals 
of  a  Si -0-Si  molecule.  He  observed  that  the  highest  filled 
valence  band  of  Si02  is  probably  associated  with  the  ox\gen 
2p  valence  electrons  which  do  not  participate  in  the  Si-0 
bond.  Since  the  similarity  of  the  absorption  of  crystalline 
and  amorphous  forms  of  Si02  requires  transitions  which  are 
insensitive  to  the  Si-O-Si  bond  angle,  the  10.2  eV  peak  was 
attributed  to  a  transition  to  an  exciton  state  with  the  hole 
orbital  corresponding  to  the  oxygen  2px  orbital  (i.e.,  the 
non-bonding  oxygen  orbital  orthogonal  to  the  SiO  bonding 
orbital)  and  the  electron  orbital  resembling  the  oxygen  3s. 
Possible  explanations  given  for  the  11.5  eV  peak  were  that 
it  corresponds  either  to  a  transition  from  the  non-bonding 
oxygen  p  levels  tc  the  antibonding  level  or  to  the  oxygen 
2p-3d  transition  which  is  roughly  11  eV  in  the  oxygen  atom. 

Bennett  and  Roth^  have  also  employed  the  molecular 
orbital  approach  using  the  extended  Huckel  Theory  to  make 
their  calculations  on  clusters  of  two  and  eight  Si02  mole¬ 
cules.  This  technique  calculated  an  energy  gap  of  13  eV 
compared  to  an  experimental  value  of  11  eV .  The  removal  ot 
an  oxygen  atom  was  found  to  result  m  the  introduction  of 
several  levels  in  the  energy  gap  which  appear  to  account 
for  experimentally  observed  radiation  bands. 

Abarenkov  et  al^10^  have  used  a  semi -empirical  method 
lor  the  calculation  of  the  electronic  structure  of  vitreous 
germania  and  silica.  The  results  of  this  calculation  sug¬ 
gest  a  covalent  model  for  oonding  in  silica.  The  similar¬ 
ity  of  energy  levels  calculated  for  chainlike  and  tetia— 
hedrallike  Si-0  complexes  is  consistent  with  a  disordered 
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structure  of  silica,  finally  the  calculation  predicts  a 
shilt  in  the  fundamental  edge  of  silica  relative  to  crys¬ 
talline  quartz  because  of  energy  level  shifts  as  the  Si-O- 
Si  angle  changes. 

The  attempts  of  the  theoreticians  to  explain  the  u.v. 
spectra  oi  Si02  have  been  hampered  by  experimental  uncer¬ 
tainties  and  lack  of  reliable  experimental  data.  A  contro¬ 
versy  even  exists  over  the  interpretation  of  the  x-ray 
analysis  of  the  glass  structure.  Recent  results  by  Konnert 
and  Kar  le '  >  show  strong  evidence  for  crystallites  in  fused 

silica,  contrary  to  t he  findings  of  Mozzi  and  Warren ( 13 ) . 
There  are  some  observations  which  nevertheless  can  be  made 
on  the  basis  of  the  data  available.  First,  the  band  gap  of 
Si02  is  approximately  10  electron  volts.  Photoemission 
measurements  by  DiStefano  and  Eastman(14'  give  a  similar 
value  as  does  x  ray  emission  data.^^>  16)  Secondly  the 
fundamental  absorption  in  bulk  fused  silica  is  not  grossly 
ai looted  bv  the  presence  of  the  disorder,  suggesting  that 
absorption  is  determined  by  processes  within  or  between 
ne  igliboi  ing  SiO^  tetrahedra.  Finally,  in  the  presence  of 
extreme  disorder  such  as  found  in  sputtered  films,  all 
recognizable  structure  vanishes. 


1.  Network  Modifiers 


As  illustrated  in  Figure  2,  alkali  silicate  glasses  of 
high  purj^  do  not  transmit  below  200  nm.  Sigel  and 
(lint her  have  shown  that  the  fundamental  absorption  edge 
oi  an  alkali  silicate  glass  is  well  defined  and  not  influ¬ 
enced  by  the  reduc ing-oxidizing  conditions  during  melting 
if  it  is  sufficiently  pure.  During  the  present  investiga¬ 
tion  thin  films  of  high  purity  glasses  (3Si02-INA20 , 
3Si02-lK20)  were  prepared  by  rf  sputtering.  Strong  absorp¬ 
tion  was  measured  between  175  nm  and  150  nm  in  the  films 
and  was  attributed  to  the  presence  of  alkali.  This  was  eon- 
1  irmed  by  the  author  in  a  series  of  measurements  on  alkali 
doped  silica^'.  Optical  absorption  in  the  150-200  nm  reg¬ 
ion  was  found  to  be  proportional  to  alkali  concentration 
and  independent  of  alkali  type  except  for  the  degree  of  long 
wavelength  tailing  which  increased  in  the  order  of  Li,  Na , 

K.  The  effect  of  the  simultaneous  doping  of  aluminum  with 
the  alkali  on  the  ultraviolet  absorption  was  suggestive 
that  non-bridging  oxygens  (NB0)  were  the  source  of  the  ab¬ 
sorption.  Rats’  and  Stevels^8)  and  LellU9>  had  previous¬ 
ly  seen  evidence  of  alkali-aluminum  pairing  in  glasses. 
Aluminum  can  substitute  for  silicon,  requiring  a  nearby 
alkali  for  charge  compensation,  as  shown  schematically  in 
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Fig.  4.  If  this  scheme  is  correct,  the  resulting  decrease 
in  the  concentration  of  NBO  should  produce  a  decrease  in 
u.v.  absorption  in  aluminum-alkali  doped  samples.  This  is 
confirmed  by  the  data  in  Figure  4.  Substitutional  aluminum 
alone  in  SiC^  did  not  produce  any  observable  u.v.  absorp¬ 
tion  in  the  silica  in  amounts  up  to  .  5%  . 

The  effect  of  alkali  on  the  ultraviolet  absorption  of 
silicate  glasses  was  further  measured  in  a  series  of  re¬ 
flectance  measurements  on  silicate  glasses  of  high  alkali 
content.  Significant  changes  relative  to  the  SiOg  reflect¬ 
ance  were  evident  in  all  of  the  glasses.  The  spectra  of 
the  glar  ses  were  characterized  by  three  reflection  peaks  at 
145  nm  3.5  eV) ,  130  nm  (9.3  eV) ,  r  nd  108  nm  (11.5  eV) .  In 
simple  binary  silicates  a  band  centered  near  8.5  eV  was  ob¬ 
served  which  has  been  associated  with  non-bridging  ox\gen 
absorption  (Figure  5).  This  band  is  responsible  for  the 
poorer  transmission  of  alkali  silicate  glasses  compared  to 
SiO„  and  is  apparently  the  same  absorption  seen  in  the  alka¬ 
li  doped  silica  samples.  Since  no  reflectance  measurements 
were  possible  on  the  alkali-doped  fused  silica  samples  due 
to  size  limitations,  commercial  fused  silica  with  poor  ul¬ 
traviolet  transmission  (Infrasil)  was  used  for  reflectance 
measurements.  This  material  showed  evidence  of  the  8.5  eV 
absorption  band.  Plazoder^O)  has  shown  reflectance  data 
lor  what  was  apparently  impure  a-quartz  which  also  shows 
absorption  at  8.5  eV  (peak  labeled  A  in  his  Figure  1),  al¬ 
though  it  was  not  associated  with  an  alkali  induced  defect. 

Table  1  summarizes  the  reflectance  data  for  the  SiC^ 
and  silicate  glasses  which  have  been  measured  in  the  pres¬ 
ent  work.  All  of  the  silicate  glasses  exhibited  the  8.5 
eV  absorption.  The  type  of  network  modifier,  including 
both  alkali  and  alkaline  earth  metals,  did  not  appear  to 
influence  the  position  of  this  band  as  much  as  it  did  the 
hall'width.  This  is  evident  in  Figure  5  in  which  the  tail 
ol  sodium  silicate  glass  extends  to  higher  wavelengths  than 
the  lithium  glass. 

The  11.5  eV  (108  nm)  reflectance  peak  ’  nich  is  found  in 
SiOg  was  observed  in  all  of  the  silicate  g  sses .  This  ob¬ 
servation  suggests  tw'o  possibilities:  (1)  here  is  still  a 
sufficient  number  of  Si04  tetrahedra  remaining  in  the 
glasses  to  produce  the  absorption  characteristic  of  the 
bridging  network,  or  (2)  the  11.5  eV  band  arises  from  tran¬ 
sitions  involving  atomic  levels  unperturbed  by  the  addition 
ot  alkali.  More  theoretical  and  experimental  work  is  re¬ 
quired  to  settle  this  question. 

It  would  be  desirable  to  have  a  calculation  on  the  mag¬ 
nitude  of  the  alkali-oxygen  interaction  in  the  silicate 
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system  and  the  degree  to  which  the  charge  density  ot  the 
Si-0  bond  is  changed  when  the  oxygen  becomes  non-bridging 
and  a  neighboring  alkali  is  introduced.  Ii  the  Si-0  bond 
were  sufficiently  weakened  by  such  an  interaction  one  could 
predict  the  existence  of  a  lower  energy  absorption  such  as 
observed  here.  One  should  probably  also  consider  excitation 
of  the  alkali-oxygen  bond  as  another  possible  contribution 
to  the  optical  absorption.  Experimentally  the  measurements 
should  be  carried  out  to  higher  energies  in  the  silicate 
glasses  to  allow  comparison  with  the  data  of  SiC^.  Also  a 
greater  range  of  glass  compositions  is  needed  to  determine 
whether  the  10.2  eV  band  undergoes  a  shift  to  lower  energies 
as  the  alkali  content  increases. 


The  data  however  has  established  that  the  introduction 
of  network  modifiers  into  SiOg  produces  an  absorption  band 
near  8.5  eV  which  is  responsible  for  the  shift  of  the  u.v. 
edge  of  silicate  glasses  to  longer  wavelengths. 

In  summary,  measurements  on  thin  films,  doped  fused 
silica  and  bulk  glasses,  confirm  that  the  introduction  of 
alkali  oxide  into  Si02  introduces  an  optical  absorption  band 
near  8.5  eV  which  shifts  the  fundamental  edge  of  Si02  to 
longer  wavelengths.  The  ability  of  the  aluminum  to  suppress 
this  absorption  band  and  the  relative  insensitivity  to  alka¬ 
li  type  suggest  that  the  breakup  of  the  Si-O-Si  network  with 
f  he  generation  of  non-bridging  oxygens  is  responsible  for 
the  absorption.  The  absorption  bands  at  higher  energies  are 
still  open  to  interpretation.  The  11.5  eV  band  has  been  ob¬ 
served  in  each  of  the  silicates  measured  regardless  of  com¬ 
position.  It  may  therefore  be  associated  with  a  band  to 
band  transition  characteristic  of  the  Si02  tetrahedron. 

2)  Transition  Metals  -  Iron 


The  3d  electrons  of  the  transition  metals  and  the  4f 
electrons  of  the  rare  earths  can  produce  charge  transfer 
spectra  in  the  far  u.v.  which  is  sufficiently  intense  that  a 
few  ppm  can  easily  be  detected  in  a  2  cm  thickness  of  glass. 
The  most  serious  problem  in  high  purity  glasses  is  Fe^+ 
which  absorbs  strongly  near  230  nm .  Swarts  and  Cook^D  , 
Steele  and  Douglas(22)  ancj  Sigel  and  Gintherd?)  have  stud- 
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led  this  ban^+in  various  silicates.  Figure  6  shows 
effect  of  FeJ  on  the  u.v.  transmission  of  3  SiO-p- 
glass.  In  conventional  thicknesses  (l-10mm),  the  effect  of 
the  iron  absorption  is  to  produce  an  edge  shift.  The  iron 
can  be  eliminated  by  the  use  of  extremely  pure  starting 
materials,  special  furnaces,  and  maintenance  of  clean  room 
standards  during  preparation. 


The  evaluation  of  the  ultraviolet  absorption  due  to 
iron  in  silicate  glasses  is  complicated  by  the  overlap  of 
the  ferric  and  ferrous  bands  as  well  as  the  strong  absorp¬ 
tion  of  the  glass  host  at  wavelengths  below  200  nm.  The 
ESR  resonance  of  Fe2+  at  g  =  4.28  in  silicate  glasses^2**  *25) 
was  used  to  monitor  Fe2+  concentration.  Figure  7  shows  the 
ESR  sensitivity  to  iron  present  1  to  1000  ppm  concentra¬ 
tions.  The  undoped  glass  shows  evidence  of  iron  contamina¬ 
tion  of  about  6  ppm. 

Iron  concentrations  were  finally  reduced  to  levels  be¬ 
low  0.5  ppm  in  1  Na20  -  3  Si02  glass.  A  mass  spectrograph 
which  operated  with  a  background  ol  .2  ppm  of  iron  was  un¬ 
able  to  defect  any  traces  of  iron.  For  these  pure  glasses 
the  ultraviolet  absorption  of  air  melted  and  reduced-melted 
glasses  was  the  same. 

Other  types  of  high  purity  silicates  including 
1  K20-3  Si02,  1  Na20-1  CaO-  3  Si02  and  1  Na2  0-1  A1203  - 
3  Si02  were  found  to  exhibit  simitar  behavior.  Figure  8 
shows  the  U.V.  edge  for  these  low  iron  glasses. 

3)  Other  Impurities 

Traces  of  other  impurities  were  detected  in  the  glasses 
by  the  mass  spectrography ,  ESR,  and  wet  chemistry  analyses. 
Among  the  major  impurities  (above  1  ppm)  were  included 
water  vapor,  aluminum,  copper,  platinum,  titanium,  calcium, 
magnesium  and  cerium.  The  ultraviolet  absorption  of  each 
of  these  impurities  were  investigated  as  well  as  that 
arising  from  gallium,  indium,  and  thallium.  However  none 
of  these  were  found  to  absorb  nearly  so  strongly  as  ferric 
and  ferrous  iron 

Water  vapor  was  detected  by  the  presence  of  the  0-H 
stretching  band  near  2.7  microns^2®)  as  well  as  by  the  mass 
spectrograph.  No  evidence  of  any  u.v.  absorption  due  to 
water  vapor  could  be  detected  in  the  samples. 

Aluminum  absorption  was  studied  in  alkali  alumino¬ 
silicate  glasses  such  as  the  3SiC>2_lAl2U3-lNa20  glass  in 
figure  6  as  well  as  fused  silica  doped  with  only  aluminum 
in  concentrations  ranging  from  .05  to  .5  mole  There  was 
no  evidence  of  any  u.v.  absorption  due  to  aluminum  and 
normally  the  u.v.  transmission  improved. 

Copper  was  detected  by  its  characteristic  ESR  signal^^ 
in  silicate  glasses.  Ginther  and  Kirk^2?)  have  discussed 
the  absorption  and  luminescence  observed  in  copper  doped 
silicate  glasses. 
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Titanium  was  doped  into  sodium  silicate  glass  at  con¬ 
centrations  of  25  and  50  ppm.  It  absorbs  moderately  at 
wavelengths  below  250  nm  with  the  peak  of  the  absorption 
lying  near  200  nm  and  being  obscured  by  the  edge  of  the 
glass . 

Calcium  and  magnesium  were  introduced  into  the  alkali 
silicate  glasses  in  large  quantities.  They  do  not  absorb 
at  energies  below  that  of  the  alkali  absorption.  Thus  the 
edge  of  the  alkali  silicate  glass  is  essentially  identical 
with  a  alkali-alkaline  earth  silicate  witli  equivalent  alka¬ 
li  content . 

Cerium  oxide  was  used  to  polish  the  glasses  and  traces 
remaining  on  the  surface  account  for  its  detection  by 
chemical  analysis. 

The  results  of  this  study  can  be  summarized  as  follows- 
the  ultraviolet  absorption  of  silicate  glasses  can  be 
divided  into  three  general  areas  1)  350  nm  to  200  nm  - 
impurity  absorption.  2)  200  nm  to  150  nm  -  network  modi¬ 
fier  -  induced  absorption  resulting  from  the  breakup  ot  the 
Si-0  network,  and  3)  below  150  nm  -  fundamental  electronic 
absorption  characteristic  of  the  Si-0  network  of  the  glass. 

C .  Ultraviolet  Absorption  Produced  by  Irradiation  of 

Silicate  Glasses 


Defect  center  formation  in  glassy  Si02  seems  best  ex¬ 
plained  by  the  simple  ionization  of  the  Si-0  bond,  with  en¬ 
suing  relaxation  of  the  inter -nuclear  separations  of  atoms 
in  regions  of  local  strains. (26-30)  irradiated  high  purity 
S1O9  exhibits  absorption  bands  at  5.3  and  5.8  eV  which 
will  be  referred  to  here  as  the  EjJ  and  EV  bands  using 
\\oek.s(31)  notation.  These  centers  have  been  associated 
with  electrons  trapped  in  dangling  silicon  orbitals  pro¬ 
jecting  into  oxygen  vacancies  or  voids  in  the  glass  net¬ 
work  and  which  may  be  locally  charge  compensated  by  the 
presence  oi  protons.  They  produce  a  sharp  ESR  resonance 
at  g  =  2f)006  which  lias  been  observed  in  both  crystalline 
quartz,  and  fused  silica.  Hochstrasser  and  Antonini^32' 
have  observed  the  same  center  on  freshly  exposed  SiOo  sur¬ 
faces  under  ultra-high  vacuum  conditions.  Hickmottw3)  ]ias 
investigated  the  E'  centers  in  sputtered  SiOo  films.  The 
author (34)  lias  reported  optical  and  ESR  confirmation  of  E' 
centers  in  ion-implanted  SiC^.  The  profile  of  damage  in 
the  ion  implanted  SiOo,  measured  by  monitoring  the  E'  ESR 
resonance  after  repeated  etching  in  1IF  solution,  confirms 
that  iom/ation  is  sufficient  for  defect  center  formation. 
Irradiated  S1O2  also  possesses  a  major  absorption  band 
near  7.6  eV  which  has  been  tentatively  assigned  to  trapped 


holes  on  interstitial  oxygens  by  Mitchell  and  Paige. (35) 

Tins  band  does  not  appear  to  have  any  paramagnetic  analogue. 
Nelson  and  Weeks(29,36)  observed  additional  structure  be¬ 
tween  6  and  8  eV  in  irradiated  SiC>2- 

The  situation  is  more  complicated  in  the  silicate  glass¬ 
es.  These  exhibit  at  least  three  classes  of  radiation  in¬ 
duced  delect  centers:  (1)  those  characteristic,  of  flaws  in 
t he  basic  Si-0  network,  which  were  mentioned  above  (2) 
those  resulting  from  the  presence  of  substitutional  impuri¬ 
ties,  such  as  aluminum  and  germanium  and  (3)  those  arising 
from  the  addition  of  network  modifiers  which  can  rupture 
Si-0  bonds,  creating  non-bridging  oxygens  in  the  process. 
Lell,  Kreidl  and  Hensler(37)  have  reviewed  the  radiation 
eflects  in  quartz,  silica  and  silicate  glasses  and  Bishay 
recently  has  treated  radiation  damage  in  more  complex  glass¬ 
es.  Alkali  silicate  glasses  normally  possess  major  radia¬ 
tion  induced  bands  near  450  nm  and  650  nm  which  have  been 
attributed  by  Stroud(39)  and  others  ®  )  to  trapped  holes, 

as  well  as  bands  near  310  and  235  nm  which  have  been  asso¬ 
ciated  with  trapped  electrons.  The  ESR  spectra  of  alkali 
silicate  glasses  consist  of  several  resonances  near  g  =  2 
which  have  been  studied  by  several  investigators,  the  most 
recent  work  being  that  of  Mackey  et  al*42)  and  Seheurs.(43) 

Permanent  damage  studies  in  pure  Si02  were  not  pursued 
because  of  the  extensive  literature  on  the  subject.  How¬ 
ever  luminescence  and  transient  damage  measurements  were 
carried  out  using  pulsed  electrons  and  are  reported  in  the 
latter  part  of  this  paper. 

1)  Damage  in  Alkali  Doped  Si02 

(44 ) 

A  systematic  study  has  been  made  on  the  effects  of 
alkali  content  on  the  radiation  damage  of  Si02-  This  is  of 
particular  interest  because  of  the  problems  of  charge  build 
up  in  the  Si02  layer  of  MOS  devices,  which  may  be  partially 
related  to  the  radiation  enhanced  diffusion  of  alkali  ions. 

The  radiation  induced  optical  absorption  in  alkali  doped 
silica  has  been  measured  by  Lell(19)  out  to  energies  of  6 
eV.  In  the  present  work  measurements  have  been  extended  to 
8  eV  when  tiie  transparency  of  the  samples  permitted,  as 
shown  in  Figure  9.  In  addition  ESR  measurements  were  made 
on  t  lie  same  samples.  (The  principal  radiation  bands  are  t  lie 
7.6  eV  band  and  the  E^  and  E2  bands  which  overlap  to  pro¬ 
duce  a  compound  band  between  5  and  6  eV .  The  E?  band  at 
235  nm  (5.3  eV)  was  found  to  be  proportional  to“alkali  con¬ 
centrations  at  doping  levels  ranging  from  0.01  to  0.5  mole 
percent.  This  center  was  interpreted  to  be  an  electron 
trapped  in  a  tetrahedral  silicon  orbital  in  the  vicinity  of 
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a  proton.  The  strong  dependence  on  alkali  concentration 
which  has  been  observed  here  suggests  that  the  center  is  a 
more  complex  one  involving  non-bridging  oxygens,  alkali  and 
protons,  and  may  be  a  characteristic  defect  of  an  alkali 
silicate  glass  rather  than  Si02<  Weeks!31)  did  note  an 

apparent  correlation  with  alkali  impurity  content  of  his 
samples . 

The  ESR  data  for  an  irradiated  potassium  doped  sample 
is  shown  in  Figure  10.  At  low  power  levels  (dotted  line  in 
Figure  10)  the  E'  resonance  near  g  =  2.0006  was  observed  as 
well  as  a  new  resonance  with  lower  than  axial  symmetry  cen¬ 
tered  between  g  =  2.020  and  g  =  2.000  which  was  not  observ¬ 
ed  in  pure  SiOo.  This  latter  resonance  has  been  observed 
iy  Schreursv  )  in  alkali  silicate  glasses  and  was  attri¬ 
buted  to  a  hole  located  on  a  Si-0  tetrahedron  with  two  non¬ 
bridging  oxygens.  in  the  present  study,  it  was  found  that 
the  amplitude  oi  this  resonance  was  directly  proportional 
to  alkali  content  in  the  lightly  doped  samples.  This  de¬ 
pendence  of  the  resonance  on  alkali  concentration  and  the 
observed  variation  of  broadening  with  the  type  of  alkali 
support  the  hypothesis  that  the  holes  are  trapped  on  non- 
bridging  oxygens  in  the  vicinity  of  an  alkali  ion. 

The  7.6  eV  band  was  present  in  the  alkali  doped  samples 
but  showed  no  correlation  with  alkali  content  and  was  rela¬ 
tively  constant  (±  15%)  for  a  given  dose  in  all  of  the 
samples  regardless  of  alkali  content.  This  is  not  surpris- 
lng  since  it  is  a  principal  radiation  band  in  high  puritv 
biOy  apparently  arises  from  a  defect  characteristic  of  the 
,7,  net-work<  It  was  noted  earlier  in  the  paper  that  non¬ 
bridging  oxygens  may  be  responsible  for  the  ultraviolet  ab¬ 
sorption  m  the  6  to  8  eV  region.  Just  as  the  introduction 
alkal1  can  break  bonds  and  produce  singly  bonded  oxygens 
the  impinging  radiation  may  ionize  strained  Si-0  bonds 
thereby  producing  absorption  in  the  same  region  of  thespec- 
L  r  um . 


The 
closely 


ESR  hole 
with  the 


resonance  was  observed  to  bleach  very 
E2  ultraviolet  band  between  0  and  300°C 


hieh  suggests  that  they  may  be  complementary  centers  in 
alkali  silicate  glasses,  in  the  same  manner  that  the  E-!  and 
the  7.6  eV  hole  hand  are  complementary  in  pure  Si0o.  It  hai 
been  suggested!  that  in  silicate  glasses  a  475  nm  optica 
absorption  band  is  correlated  with  the  hole  resonance.  The 
low  oscillator  strength  oi  the  visible  absorption  bands  as 
well  as  the  presence  of  aluminum  impurity  in  the  doped  sam¬ 
ples  made  it  impossible  to  test  this  assignment. 
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center  makes  it  easy  to  saturate.  The  comparison  of  the 
solid  and  dotted  curves  in  Figure  10  indicate  the  rapid 
lall-off  of  the  E'  resonance  intensity  with  microwave  power 
The  solid  curve  is  typical  of  spectra  measured  for  potassi¬ 
um  silicate  glasses.  Previous  papers  have  noted  the  pres¬ 
ence  of  a  resonance  at  lower  g  values  than  the  g  =  2.01 
hole  resonance  which  apparently  arose  from  trapped  elec¬ 
trons.  As  a  result  of  the  present  study,  it  has  been  defi¬ 
nitely  established  that  this  resonance  is  due  to  E'  centers 
and  that  E’  centers  are  present  in  alkali  silicate  glasses. 


It  is  known  that  the  simultaneous  presence  of  aluminum 
and  alkali  in  a  silicate  glass  will,  produce  strong  visible 
coloration  after  irradiation.  Lell^-4)  found  that  the 
doping  of  only  aluminum  into  pure  S1O2  did  not  affect  the 
radiation  induced  optical  absorption  bands.  EPR  measure¬ 
ments  made  in  this  laboratory  on  irradiated  aluminum  doped 
SiC>2  show  only  the  E’  center  resonance  that  is  seen  the 
high  purity  material.  However,  the  simultaneous  presence 
of  aluminum  and  alkali  results  in  dramatic  changes  of  the 
radiation  induced  spectra  of  SiC^.  The  radiation  induced 
optical  absorption  is  shown  in  Figure  11.  The  absorption 
in  the  visible  and  near  ultraviolet  is  much  more  intense  in 
these  samples  than  those  containing  only  alkali.  Obrien^  5) 
suggested  that  the  460  nm  and  620  nm  absorption  bands  in 
smoky  quartz  arose  from  two  transitions  of  the  same  alum¬ 
inum  hole  center.  The  presence  of  these  bands  in  irradiat¬ 
ed  high  purity  silicate  glasses  suggests  that  the  substi¬ 
tutional  perturbation  of  aluminum  for  silicon  may  simply 
result  in  an  increase  in  the  oscillator  strength  of  the 
visible  bands,  and  that  the  basic  hole  center  involves  a 
hole  trapped  at  a  non-bridging  oxygen  which  can  be  bonded 
to  either  a  silicon  or  an  aluminum.  When  the  aluminum  is 
present,  there  is  strong  hyperfine  interaction  of  the  hole 
with  the  spin  5/2  of  the  aluminum  nucleus,  producing  a  six 
line  splitting  which  has  been  described  by  Griffith,  Owen, 
and  Ward'46).  Obrien  and  Pryce^47'  proposed  a  trapped  hole 
at  an  aluminum  atom  which  substitutes  for  a  silicon  atom  in 


the  Si02  structure,  with  the  hole  located  mainly  on  one  of 
the  four  oxygens,  and  spending  only  three  percent  of  its 
time  on  the  aluminum.  The  EPR  data  of  Mackey^48)  on  Al-hole 
centers  in  crystal  quartz  indicated  a  six  line  signal  of 
equal  intensity  and  spacing  whose  g  values  shifted  slightly 
depending  on  whether  hydrogen,  lithium  or  sodium  was  avail¬ 


able  as  a  charge  compensator.  The  present  work  on  the 
glassy  Si02  is  in  agreement  with  these  results  on  crystal¬ 
line  quartz  and  in  addition  includes  data  on  the  A1(K) 


resonance  which  is  shifted  still  further  to  lower  g  values 
than  the  Al(NA)  and  Al(Li)  resonances.  This  data  is  shown 


in  Figure  12. 
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Although  the  visible  absorption  bands  and  EPR  resonance 
in  the  samples  were  obviously  related  to  the  presence  of 
aluminum,  there  was  no  definite  correlation  witli  concen¬ 
tration.  This  might  be  expected  since  the  formation  of 
these  centers  requires  that  the  aluminum  enter  first  substi- 
Lutionally,  and  secondly  paired  with  an  alkali.  Experience 
with  the  alkali -aluminum  doped  samples  indicated  that  the 
previous  thermal  history  of  the  .samples  significantly  af¬ 
fected  their  radiation  character.  Thus  sample  A  with  twice 
as  much  aluminum  and  alkali  as  sample  B  might  show  the  same 
response  to  a  given  radiation  dose. 

2)  Radiation  Damage  in  High  Purity  Silicate  Glasses 

The  radiation  induced  optical  absorption  of  two  binary 
silicates  air  melted  in  platinum  crucibles  is  shown  in 
Eigure  13.  The  ultraviolet  absorption  edge  of  these  glasses 
at  0  eV  prevented  measurements  at  higher  energies.  Similar 
spectra  were  obtained  for  more  complex  glasses  such  as  soda 
lime  and  alkali -aluminosilicate  glasses.  All  of  the  high 
purity  silicates  exhibited  a  strong  radiation  band  near  5.4 
eV  (230  nm) .  The  presence  of  the  charge  transfer  bands  of 
transition  metal  and  rare  earth  impurities  often  causes 
problems  in  this  region  of  the  spectrum  since  the  impinging 
radiation  can  change  the  valences  of  the  ions.  For  example 
t  lie  ii'radiation  of  typical  air  melted  silicate  glasses 
usually  results  in  a  decrease  in  absorption  below  250  nm 
because  Fe^+  which  strongly  absorbs  at  230  nm  is  converted 
to  Fe2+  which  lias  a  much  weaker  absorption.  By  monitoring 
the  EPR  signal  of  ferric  iron  in  silicate  glass  at  g  =  4.28, 
it  was  observed  that  t  lie  conversion  of  ferric  to  ferrous 
iron  during  x-irradiat ion  proceeds  much  more  rapidly  than 
the  initial  build-up  of  the  5.4  eV  defect  center  band. 
Therefore  the  use  of  high  purity  essentially  iron  free 
glasses  was  required  for  these  experiments.  A  comparison 
of  the  energy,  lineshape  ,  growth  character  and  the  thermal 
annealing  properties  of  the  5.4  eV  radiation  band  in  the 
silicate  glasses  indicate  that  it  is  the  same  as  the  ultra¬ 
violet  band  observed  in  the  alkali  doped  SiC^;  namely,  the 
E£  center  absorption. 

The  EPR  data  of  the  irradiated  silicate  glasses  also  in¬ 
dicate  the  presence  of  E'  centers.  The  E'  resonance  is 
normally  resolved  only  in  potassium  silicate  glasses  because 
the  broad  hole  resonance  near  g  =  2.01  often  swamps  it  out. 
The  E'  resonance  also  saturates  well  before  the  hole  reso¬ 
nance.  The  EPR  data  is  similar  to  that  for  the  alkali  doped 
✓silica  shown  in  Figure  10.  The  resonance  data  of 
Schreurs(43)  on  irradiated  alkali  silicate  glasses  shows 
evidence  of  these  E'  centers.  It  is  not  surprising  that 
such  a  defect  center  should  be  present  in  both  Si02  and 


54 


rJg-^rSe?5^8'0?"^  distance Cremains^rou^hlye<^ra 


The  two  visible  hole  bands  at  2  eV  and  2  7  Pv  ar^  oi 
present  in  the  high  purity  glasses  n!  L  i  eV.ar?  also 
minum  impurity  in  these  glasses  ( l  low  level  ot  alu- 

that  these  transitions  mfy^  trite  fromT^  leSS)  SUggests 
band  of  the  non-bridging  oxygen  ion  Cmc^1®  ‘I!  the  valance 
a  silicon  or  aluminum  bonded  tS  it  Tte  ,7  y  •  6  eUher 

aJsmesUSf  lnCreaSe  ln  the  PrbSence^rafminL^^his10"1 

resonance^and^  he  - 

was  nearTeVn(Sforn")a“Hnhind“Ced  band  in  ‘be  glasses, 
This  center  appeared  to  bf  non  66,1  discussed  elsewhere 08 > 

center ^aS  reVCaled  “*  —  SSoSuii'oSIhJS'dSS""* 

has  teen^Uted'lo  ?■  alk?H  in  the  s'-°  network 

tion  induceddefect  centcZfn •  Sev?ral  com,on 

lv  doDed  SiOr,  ®  netwoik.  The  irradiation  cf  light- 

studying  the  formation  of' “defec^centers^hij TTA^  lor 

tensity  ^ 

center  near  g  =  2  01  have  h"  and  *  le  Paramagaetic  hole 

to°eaLrialhig;  ^‘tfaljf  ^oVoLZrZ' 


2) 


Transient  Radiation  Effects  in 
Glasses 


Si(>2  and  Silicate 


A.  SiOr 


s  Cs&S5as|sr> 


55 


Sigel(52)  have  reported  the  observation  of  transient  E' 
centers  in  high  purity  crystalline  quartz  and  fused  silica 
The  latter  work  will  be  briefly  summarized  here. 


In  pure  SiO^  the  only  transient  coloration  observed  was 
centered  near  2l50A<>.  The  absence  of  any  effects  at  wave¬ 
lengths  above  3000A  such  as  those  reported  elsewhere  50) 
suggests  that  the  transient  damage  in  the  visible  results 
irom  the  presence  of  impurities.  Figure  14  shows  a  com¬ 
parison  of  the  permanent  damage  (solid  line)  in  pure  SiOo 
with  the  transient  coloration  (points).  The  permanent  band 
lias  previously  been  assigned  to  electrons  trapped  on  dang- 
ling  silicon  orbitals  and  is  referred  to  as  the  E-j  or  C 
band.  The  low  temperature  irradiation  of  7940  fused  silica 
W1f28^lectr°ns  Produces  an  additional  u.v.  band  near  265 
nm'  This  band  is  not  observed  in  the  pulsed  irradi¬ 

ations.  The  transient  damage  in  7940  resembles  the  perma¬ 
nent  damage  in  7943  (water  free  material).  The  longer  wave¬ 
length  band  may  depend  on  the  migration  of  H+  or  OH*  ions 
to  existing  E'  centers.  The  ratio  of  the  E'  band  to  the 
265  nm  band  was  found  to  be  constant  in  a  given  sample. 

The  two  bands  were  observed  to  bleach  uniformly.  Excita¬ 
tion  into  the  265  nm  band  also  produces  photoluminescence 
centered  near  670  nm.  Excitation  into  the  E’  band  did  not 
produce  any  observable  emission. 


The  ultraviolet  coloration  following  the  electron  pulse 
is  also  accompanied  by  an  intense  luminescence  centered 
near  450  nm .  The  decay  rate  of  the  emission  is  similar  to 
but  not  identical  with  that  of  the  absorption  as  shown  in 
figure  15.  The  spectra  ol  the  emission  is  shown  in  Figure 
16.  It  shifts  to  higher  energies  as  the  temperature  in¬ 
creases. 


Any  model  to  be  suggested  to  explain  these  data  must 
take  into  account  the  following  experimental  observations: 

1)  Peimanent  damage  (E1  band)  is  observed  near  215  nm 
in  irradiated  glassy  Si02»  ESR  data  indicates  that 
it  arises  from  an  electron  trapped  on  a  sp3  silicon 
orbital. 

2)  Permanent  coloration  in  glassy  Si02  is  more  effi¬ 
cient  at  low  temperatures  and  is  dependent  on  the 
purity  ol  the  sample.  Crystal  quartz  shows  little 
il  any  permanent  E'  coloration  if  reasonably  pure. 

3)  An  intense  blue  luminescence ^ 53 ^  results  as  these 
permanent  E'  centers  are  bleached  thermally  The 
luminescence  intensity  can  be  related  to  the  anni¬ 
hilation  rate  of  the  E'  centers. 
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4)  Intne+iS  U?  ®videncc  of  luminescence  when  exciting 
into  the  E  band  with  u.v.  light.  b 


5)  The  production  and  annihilation  of  E'  centers  dur- 

?i0*  Under  Ultra  hi^h  vac™™  co7- 
omission.  accompanied  by  a  strong  blue 


6)  Pulsed  electron  irradiation  of  SiOo  produces  tran- 
b^a  blue°rPtl°n  c°nters  near  215  ™  accompanied 
acter istics?1SS1°n  WUh  Similar  time  decay  char" 

7)  Decay  rates  appear  exponential  for  times  greater 

20?  The  luminescence  usually  is  10  to 

perat ure°r  ^  'lbS°rption  ^Pending  on  tem- 

8)  The  decay  rates  of  the  transient  effects  in  the 

ouite  tem fastcr  than  in  a  quartz,  and  are 
quite  temperature  sensitive  (see  Table  2). 

9)  The  production  of  the  transient  absorption  centers 
occurs  with  approximately  the  same  efficiency  in 

ie  glassy  and  crystalline  materials. 

10)  pfie  ,lumines cence  is  not  proportional  to  the  rate 
of  decay  of  the  absorption  as  shown  in  Figure  15 
but  almost  proportional  to  the  absorption^itself .’ 

The  similarity  of  both  the  transient  absorption  anri 
emission  data  with  that  observed  in  the  ca l  L 

nent  damage  of  Si02  suggest  that  transient  E’  center^are” 

: su  a  Eii  54  :;;f  “Sl,f  “  ;s 

5S5-ff=r-s  ssr  «£“  Sr 

question  of  permanent  vs  transient  centers  reduces  then 

“variability  of  holes  for  recombination  at  F'  sites 

viJfons  co"slste''t  *ith  all  of  the  experimental  obseT- 

The  luminescence  is  more  difficult  to  evninin  ti 

results'*!  ron°tho°  ^  iS  'or 

.  .  ir°m  tlie  presence  of  impurities.  The  nossibilitv 

ot  host  sensitized  luminescence  and  char-e  transfer  fvn 
impurity  centers  can  not  be  completely  ruled  out.  However 
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there  is  strong  evidence  suggesting  that  the  luminescence 
is  intrinsic  and  linked  to  the  E'  absorption  band. 

1)  The  emission  was  observed  to  be  rather  constant  in 
intensity  in  a  variety  of  silica  samples  2)  the  lifetime 
of  the  emission  is  similar  to  the  E'  band  lifetime  over  a 
wide  range  3)  thermoluminescence  and  fracture  experiments 
link  the  presence  of  the  emission  with  E'  centers.  This 
data  is  consistent  with  a  mechanism  whereby  the  emission 
results  from  the  radiative  recombination  of  holes  which 
have  been  thermally  activated  out  a  continuous  distribution 
of  shallow  traps  with  electrons  at  E'  sites.  The  data  also 
indicate  that  a  substantial  number  of  E'  centers  are 
annihilated  non-radiat ively .  This  model  will  be  discussed 
in  detail  in  a  forthcoming  paper. (54)  It  is  summarized  in 
Figure  18.  Two  types  of  hole  traps  are  postulated,  one  of 
which  results  in  radiative  recombination.  The  kinetic 
equations  obtained  using  this  model  are  consistent  with 
the  behavior  in  both  fused  and  crystalline  quartz  except 
at  very  low  temperatures  where  another  mechanism  seems  to 
operate.  The  ground  state  of  the  E'  center  (level  E)  lies 
in  the  forbidden  gap  with  an  energy  level  similar  to  an 
sp^  hybridized  level.  The  excited  state  (E*)  of  the  E' 
level  probably  lies  below  the  conduction  band  since  exci¬ 
tation  at  215  nm  produces  neither  bleaching  nor  photocur- 
rent .  Decay  back  to  the  ground  state  is  non  radiative. 

The  absorption  at  any  time  t  is  proportional  to  the  number 
of  occupied  E  levels  in  the  gap.  It  is  postulated  that  re¬ 
combination  of  holes  at  E'  sites  produces  the  emission. 
However  since  the  intensity  I  is  not  proportional  dNE ’  t 

the  majority  of  the  E’  centers  must  be  annihilated  non- 
radiat  ively  by  recombination  with  holes  in  Hn  sites,  pro¬ 
bably  adjacent  to  E'  centers,  at  any  time  t  following  the 
pulse.  The  radiative  process  results  when  holes  (Hd)  are 
thermally  activated  out  of  traps  into  the  conduction  band 
and  migrate  to  an  E '  site.  If  the  E'  population  is  chang¬ 
ing  rapidly  relative  to  the  concentration  because  of 
non-radiative  effects,  the  emission  will  be  roughly  propor¬ 
tional  to  the  absorption,  especially  at  low  temperatures. 
This  2  hole  center  model  predicts  a  deviation  of  absorption 
and  emission  decay  times  with  increasing  lifetime  which  is 
also  observed. 

In  summary,  transient  defect  centers  have  been  observed 
in  pulse  irradiated  Si02 .  These  appear  identical  to  the 
K'  centers  produced  by  prolonged  irradiation.  The  emission 
accompanying  the  decay  of  the  absorption  has  been  attributed 
to  the  recombination  of  migrating  holes  to  E'  sites.  The 
experiment  has  shown  that  E'  defects  are  easily  formed  even 
in  crystalline  Si02.  It  illustrates  the  dynamic  equilibrium 


which  is  maintained  during  irradiation  and  has  provided  a 
loss  mechanism  for  energetic  radiation  in  SiC>2.  The  ex¬ 
periment  also  has  important  consequences  when  considering 
radiation  hardening  of  electronic  devices  involving  Si02 
films.  Because  of  the  long  lifetime  of  the  transient  dam¬ 
age  in  Si02,  high  electric  fields  may  tend  to  sweep  car¬ 
riers  away  before  recombination  takes  place.  This  would 
produce  a  much  larger  concentration  of  defect  centers  per 
unit  dose  than  would  be  indicated  by  permanent  damage 
studies.  Finally  the  data  is  consistent  with  the  mech¬ 
anisms  previously  suggested  for  glassy  SiOo,  namely  that 
damage  proceeds  by  the  ionization  of  Si-0  bonds,  some  of 
which  do  not  reheal  because  of  the  presence  of  strained 
bonds  or  impurities. 

T ransient  Damage  in  Silicate  Glasses 

Pulsed  irradiations  have  also  been  made  on  alkali  doped 
Si02  and  high  purity  alkali  silicate  glasses.  Short  lived 
coloration  was  observed  in  all  cases.  However,  contrary 
to  the  situation  in  Si02 ,  silicate  glasses  show  substantial 
permanent  coloration  per  pulse  which  makes  it  impossible  to 
measure  point  by  point  across  a  band.  This  behavior  is 
consistent  with  the  hypothesis  that  the  introduction  of 
alkali  produces  non-bridging  oxygens  which  can  serve  as 
permanent  hole  traps.  Further  investigations  are  planned 
on  the  transient  coloration  of  lightly  doped  silica  and 
quartz . 

D)  Luminescence 

Numerous  luminescent  centers  have  been  reported  in 
silicate  glasses  Much  of  the  data  has  been  summarized  in 
reviews  by  Weyl(55'  and  Rindone(56) .  Virtually  all  of  the 
centers  reported  can  be  traced  to  the  presence  of  impuri¬ 
ties,  primarily  rare  earths  and  transition  metals.  The 
problem  to  be  discussed  here  is  whether  pure  Si02  or  high 
purity  silicate  glasses  exhibit  any  luminescence  which  can 
be  associated  with  intrinsic  defects  in  the  Si-0  network. 

It  is  well  known  that  most  fused  silica  fluoresces 
strongly  in  the  blue  when  exposed  to  u.v.  light.  However, 
the  high  purity  synthetic  materials  such  as  Corning  7940 
and  Suprasil  show  essentially  no  fluorescence.  The  impuri¬ 
ty  content  of  the  well  known  luminescent  activators  such  as 
copper,  manganese  and  silver  has  been  measured  to  be  less 
than  50  parts  per  billion(57  »58)  tn  these  materials.  These 
materials  also  show  no  evidence  of  an  absorption  band  near 
5.13  eV  (242  nm)  which  has  been  associated  with  germanium 
impurity  (50,60)  and  which  has  been  correlated  with  a  3 . 04 
ev  emission  band(°l) . 
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In  the  present  investigation,  ultraviolet  excitation  at 
room  temperature  using  both  xenon  and  high  pressure  mercury 
sources  failed  to  produce  any  recordable  emission  in  the 
high  purity  Si02*  At  liquid  nitrogen  temperature,  however, 
all  samples  exhibited  a  strong  emission  (Figure  19)  band  at 
2.9  eV  with  an  excitation  peak  near  4.2  eV  The  band  was 
present  in  both  crystalline  quartz  and  fused  silica.  The 
introduction  of  alkali,  aluminum  and  germanium  impurities 
did  not  influence  the  intensity  or  shape  of  the  emission 
curve.  Further  work  is  needed  to  determine  the  mechanism 
responsible  for  the  emission  and  to  attempt  a  correlation 
with  the  luminescence  observed  in  the  pulsed  electron  ex¬ 
periments.  Other  emission  bands  were  observed  in  some 
samples  but  not  others,  indicating  impurity  sensitization, 
for  example,  a  weak  2.2  eV  band  in  the  7940. 

One  other  interesting  emission  has  been  observed.  The 
low  temperature  irradiation  of  Si02  with  2  MeV  electrons 
produces  ultraviolet  absorption  bands (28)  at  215  nm  and  257 
nm .  The  shorter  wavelength  band  is  the  E'  center.  The 
other  band  has  been  linked  to  the  presence  of  water  in 
silica  since  Corning  7943  and  Suprasil  W  do  not  exhibit  this 
radiation  band.  In  the  present  investigation,  it  was  con¬ 
sistently  observed  that  the  ratio  of  the  intensities  of  the 
two  bands  remained  constant  in  a  given  sample,  and  that  the 
two  centers  bleache  ’  uniformly.  Ultraviolet  excitation  in¬ 
to  this  (4.9  eV)  band  produced  an  emission  (Figure  20)  at 
1.0  eV  (670nm)  which  is  not  observed  in  the  unirradiated 
silica.  Thermal  bleaching  of  the  band  also  produces  the 
red  emission.  A  shift  of  1  eV  of  both  the  absorption  (4.9 
vs  5.9  eV)  and  emission  (1.9  vs  2.9  eV)  relative  to  the  E' 
center  indicates  that  a  new  level  may  be  present  in  the  for¬ 
bidden  gap  because  of  the  presence  of  either  H4-  or  OH  .  The 
evidence  suggests  that  protons  migrate  to  E'  centers  pro¬ 
ducing  a  lower  energy  band  near  4.9  eV.  This  results  in  a 
sharp  decrease  in  the  intensity  of  the  E'  band.  The  rela¬ 
tive  ratio  of  the  two  bands  will  depend  both  on  the  water 
content  of  the  sample  and  the  temperature  during  irradiation. 

Although  most  of  the  emission  bands  in  Si02  result  from 
impurities,  the  two  bands  discussed  here  seem  to  be  the  best 
candidates  for  association  w'ith  intrinsic  processes.  Fur¬ 
ther  work  is  in  progress  to  further  clarify  the  present 
s i t cat  ion. 
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IV  Summary 


A  review  has  been  presented  of  some  spectroscopic  in¬ 
vestigations  of  silicate  glasses  in  the  ultraviolet.  The 
intrinsic  ultraviolet  absorption  of  both  Si02,  doped  Si02 
and  silicate  glasses  has  been  measured.  The  introduct ion 
of  alkali  into  Si02  has  been  found  to  produce  an  optical 
absorption  band  near  8.5  eV  which  shifts  the  fundamental 
edge  to  longer  wavelengths.  The  universal  presence  of  the 
11.5  eV  band  in  both  SiC>2  and  silicate  glasses  suggests 
that  it  results  from  a  transition  characteristic  of  the 
SiO^  tetrahedron.  The  presence  of  alkali  in  the  Si-0  net¬ 
work  has  been  related  to  the  formation  of  several  common 
radiation-induced  defect  centers  in  alkali  silicate  glasses. 
In  doped  silica  samples,  the  intensity  of  the  band  at 
5.4  eV  and  the  paramagnetic  hole  center  near  g  =  2.01  have 
both  been  shown  to  be  proportional  to  alkali  content.  The 
5.4  eV  band  has  also  been  observed  in  irradiated  high 
purity  silicate  glasses.  Transient  E'  centers  have  been 
observed  in  both  high  purity  crystalline  quartz  and  fused 
silica,  and  have  been  correlated  with  a  blue  emission.  A 
two  hole  center  model  has  been  suggested  to  account  for  the 
kinetics  of  transient  processes.  Finally,  two  emission 
bands  have  been  discussed  which  may  result  from  processes 
or  defects  intrinsic  to  the  Si02  network. 


Acknowledgments 

The  author  is  indebted  to  Mr.  R.  J.  Ginther  of  the 
Naval  Research  Laboratory  for  the  preparation  of  the  high 
purity  silicate  glasses  and  to  Dr.  E.  Lell  of  Bausch  and 
Lomb ,  Inc.,  Rochester,  N.Y.  for  the  doped  fused  silica 
samples.  The  author  also  wishes  to  acknowledge  Dr.  D.  L. 
Griscom  who  helped  with  the  measurement  and  data  analysis 
of  the  transient  radiation  effects  work. 


61 


List  of  Tables 


Table  1 
Table  2 


Energies  of  Reflection  Peaks  in  Silicate  Glasses. 

Temperature  Dependence  of  Decay  Times  in  Crystal 
Quartz . 


62 


TABLE  I 


Energies  of  Reflection  Peaks  in  Silicate  Glasses 


Glass  Type 

Location  of 

Reflection 

Peaks  (eV) 

Si02  (crystal) 

- 

- 

10.2 

11.5 

Si02  (glassy) 

- 

- 

10.2 

11.5 

1  Li20-2 

Si02 

8.5 

9.3 

- 

11.5 

1  Na20-2 

Si02 

8.5 

9.3 

- 

11.5 

1  Na20-3 

Si02 

8.5 

9.3 

- 

11.5 

1  Na  0-6 

Si0o 

_ 

9.0* 

- 

11.5 

2 

1  Na20  - 

2 

1  CaO-5  Si02 

8.5 

9.3 

- 

11.5 

1  Na20-1 

Al20-3  Si02 

8.5 

10.2 

11.5 

♦This  broad  peak  appears  to  result  from  contributions 
from  8.5  and  9.3  eV  peaks. 
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TABLE  2 


Temperature  Dependence  of  Decay 
Times  in  Crystalline  Quartz 


Temperature 

(°K) 

Luminescence 

T  l/2(fiSec> 

Absorpt ion 

T  l/2<ljSec) 

4.2 

825  ±  10 

1035  ±  10 

77 

700  ±  25 

840  ±  20 

300 

3  -  150 

— 
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PERCENT  REFLECTANCE 


PERCENT  TRANSMITTANCE 


Fig.  4  -  The  effect  of  aluminum  on  the  ultraviolet  transmittance  of  alkali 
doped  Si02.  Samples  codoped  with  aluminum  and  alkali  showed  weaker 
absorption  in  the  200  nm  -  160  nm  (6  -  8  eV)  region  probably  because  of 

the  reduction  of  non-bridging  oxygens  by  aluminum-alkali  pairing  in  the 
network. 
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PERCENT 


Fig.  5  -  Reflectance  spectra  of  two  simple  binary  silicate  glasses  (upper) 
1  Li2  -2  Si02  (lower  curve)  1  Na20-2  Si02.  This  data  shows  the  similar¬ 
ity  of  the  spectra  regardless  of  the  type  of  network  modifier  as  well  as 
the  tailing  of  the  low  energy  band. 


OPTICAL  DENSITY 


RESONANCE  DERIVATIVE  (ARBITRARY  UNITS) 


Fig.  7  -  ESR  signals  from  a  series  of  iron-doped  glasses  indicating  the 
sensitivity  of  the  technique  for  detection  of  ferric  iron. 
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OPTICAL  DENSITY 


RADIATION  INDUCED  ABSORPTION 
IN  ALKALI  DOPED  Si02 
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ENERGY  (eV) 

Fig.  9  -  The  radiation  induced  optical  absorption  in  the  alkali  doped  silica 
indicating  the  Eg  and  Ej  bands  at  5.4  and  5.8  eV  and  the  hole  band  at  7.6 
eV.  The  radiation  dose  is  approximately  lO^R. 


RESONANCE  DERIVATIVE  (ARBITRARY  UNITS) 


MAGNETIC  FIELD  (GAUSS) 


Hjr.  10  -  The  EPR  spectrum  of  an  x -irradiated  Si02  sample  doped  with 
0.5  mole  %  potassium.  The  dotted  curve  was  taken  at  5  milliwatts  power 
in  the  cavity  and  the  solid  curve  at  100  milliwatts.  The  E'  center  at  g  = 
2.0006  tends  to  saturate  significantly  with  cavity  power  level.  The  re¬ 
mainder  of  the  resonance  results  from  the  trapped  hole  center  with  low¬ 
er  than  axial  symmetry  and  having  the  principal  g  values  of  gj  =  2.003, 
g2  =  2.009,  g3  =  2.019. 
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of  the  hole  with  the  aluminum  nucleus  of  spin  5/2  produces  the  six  line  splitting 
superimposed  on  the  broader  resonance. 


RAY  INDUCED  COLORATION  IN 


alkali  silicate  glasses.  The  strong  band  at  5.4  eV  (230  nm)  has  been  attributed 
to  E2  type  centers  which  may  be  a  major  electron  trap  in  alkali  silicate  glasses. 


ABSORPTION  (PERCENT) 


Fig.  14  -  A  comparison  of  the  permanent  damage  (solid  line)  observed 
in  Corning  7943  silica  (after  Arnold  and  Compton)  with  the  transient 
coloration  (points)  measured  immediately  following  the  electron  pulse. 
The  band  near  215  nm  is  the  band. 
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Fig.  15  -  The  decay  rate  of  the  transient  emission  and  absorption 
at  4.2°  K.  The  luminescence  would  f  >llow  dotted  curve  if  the  anni¬ 
hilation  of  each  absorbing  center  resulted  in  radiative  emission. 
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TRANSIENT  LUMINESCENCE  AT  4  2°K 
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Fig.  17  -  Schematic  diagram  of  postulated  steps  involving  the  formation  and  anni¬ 
hilation  of  transient  E'  centers.  The  impinging  radiation  can  ionize  a  Si-O  bond, 
resulting  in  the  formation  of  a  defect  pair  which  eventually  recombine  to  reheat 
the  damage. 


Fig.  18  -  The  kinetics  of  the  transient  radiation  effects  in  SiC>2  arc 
best  explained  by  a  model  permitting  both  radiative  and  non-radia- 
tive  recombination  of  holes  with  E'  centers. 
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ENERGY  (eV) 

Fig.  19  -  Excitation  (dashed  curve)  and  Emission  (solid  curve)  Spectra  of  Corning 
7940  and  Suprasil  at  77°  K.  The  data  is  identical  except  for  a  low  energy  emission 
neak  observed  in  7940  but  not  in  Suprasil  (dotted  line). 
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MODELS  FOR  ELECTRONIC  PROCESSES  IN  Si02 


A.  R.  Ruff  a 

Naval  Research  Laboratory 
Washington,  D.C.  20375 


A  brief  review  of  theoretical  models  which  have  been 
proposed  to  describe  electronic  processes  in  pure  Si02  is 
presented.  The  models  include  the  valence  bond  model  which 
allows  bond  breaking  and  changes  in  local  environment  after 
an  electronic  transition,  as  well  as  more  traditional  molec¬ 
ular  orbital  models.  The  models  are  critically  compared 
with  experimental  data  for  the  pure  and  glassy  materials  in 
order  to  determine  their  degree  of  applicability  to  the  pro¬ 
perties  involved.  Data  for  the  ultraviolet  spectrum,  the 
oxygen  x-ray  emission  spectrum  as  well  as  that  for  the  in¬ 
trinsic  E{  defect  center  are  included  in  the  discussion. 
Further  experiments  are  suggested  whicli  may  determine  in 
greater  detail  the  range  of  applicability  of  the  various 
'node  Is . 


I.  INTRODUCTION 

Oxides  of  silicon  are  of  considerable  technological 
interest  because  of  their  important  optical  and  dielectric 
properties.  Vitreous  Si02,  in  particular,  is  interesting 
from  both  a  theoretical  and  a  practical  point  of  view. 

Since  it  possesses  one  of  the  simplest  structures  of  any 
vitreous  material,  and  beca  lse  many  of  its  properties  are 
so  similar  to  crystalline  quartz,  a  theoretical  treatment 
of  its  properties  is  relatively  easier.  In  addition,  much 
practical  use  is  made  of  vitreous  Si02  both  as  a  window 
material  and  in  films  in  MOS  semiconductor  devices.  More 
complex  silicate  glasses  possessing  the  basic  short  range 
structure  of  Si02  have  widespread  application  in  the  optical 
glass  industry,  as  do  thin  films  of  similar  chemical  com¬ 
position.  A  theoretical  understanding  of  the  relatively 
more  simple  Si02  system  can  hopefully  contribute  ideas  con¬ 
cerning  electronic  processes  in  multicomponent  glasses  and 
thin  1  ilms . 
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Willi  this  in  mind,  the  following  brief  review  will  con¬ 
centrate  on  a  critical  examination  of  models  which  have  been 
proposed  for  certain  electronic  processes  which  are  known  tc 
lake  place  in  pure  Si02.  The  review  will  be  fairly  narrow 
in  scope,  conccnlrat ing  upon  a  comparison  of  the  proposed 
models  with  available  experimental  data  in  order  to  deter¬ 
mine  their  range  of  applicability.  Thus,  the  aim  is  to  weed 
out  those  parts  ol  the  models  which  are  incompatible  with 
the  available  data,  and  to  use  this  analysis  to  suggest  ex¬ 
periments  which  may  further  sharpen  the  requirements  of  the 
theoretical  models. 

The  first  subject  which  will  be  taken  up  in  the  next 
section  is  the  question  of  the  structure  of  fused  SiOr>  as 
compared  to  its  varied  crystalline  forms.  This  topic  is  an 
important  one  since  many  of  the  properties  of  vitreous  Si02 
are  virtually  identical  to  those  of  crystalline  quartz.  The 
structural  evidence  will  be  reviewed  as  a  framework  within 
which  the  theories  must  be  developed.  A  topic  closely  re¬ 
lated  to  the  structural  evidence,  namely  the  intrinsic  F’ 
center  in  Si02  will  be  reviewed  in  some  detail.  Next,  the 
outlines  of  the  theories  will  be  presented  with  an  emphasis 
on  the  differences  in  the  basic  concepts  involved.  Finally, 
the  theoretical  models  will  be  critically  compared  with  some 
available  experimental  results.  The  comparisons  demonstrate 
that  some  aspects  of  the  competing  models  are  incompatable 
with  observation.  On  the  basis  of  this  analysis,  some  ex¬ 
periments  are  suggested  whose  results  may  further  differen¬ 
tiate  between  the  competing  theoretical  models.  Encour¬ 
aging  further  experimentation  along  these  lines  is  then  t’.e 
primary  purpose  of  this  review  since  only  through  further 
experimental  results  will  a  fundamental  understanding  of 
electronic  processes  in  pure  Si02  be  obtained. 

II.  THE  STRUCTURE  OF  VITREOUS  Si02 

Crystalline  Si02  takes  on  various  forms,  namely, quartz , 
cm-  isto  halite ,  tridymite,  coesite  and  stishovite.  The  first 
three  we  will  call  the  low  density  forms.  All  of  the  low 
density  lorms  with  one  exception  have  a  common  structural 
feature,  the  nearly  perfect  SiO.  tetrahedron.  The  high  tem¬ 
perature  form  of  tridymite  (high  tridymite)  is  somewhat  of 
an  exception^-  with  O-Si-O  bond  angles  varying  between  105.9° 
and  111.9°  as  compared  to  t he  109^  27'  angle  for  the  perfect 
tetrahedron.  Of  the  three  polymorphs,  quartz  has  the  highest 
density,  some  20' ,  higher  than  that  of  fused  silica,  while 
the  other  two  have  nearly  the  same  density  which  is  only 
about  <1  . 5','  higher  than  fused  silica.  The  available  experi¬ 
mental  evidence  indicates  that  fused  silica  shares  the 
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feature  of  the  almost  perfect  Si04  tetrahedron  with  these 
crystalline  forms  although  there  is  some  controversy  con¬ 
cerning  other  structural  details.  Until  recently,  the  most 
detailed  study  of  the  structure  of  vitreous  Si02  was  that  of 
Mozzi  and  Warren2.  On  the  basis  of  a  carelul  analysis  of 
their  extensive  x-ray  data,  they  concluded  that  each  Si 
atom  is  tetrahedrally  surrounded  by  four  0  atoms  with  a  Si- 
Si-0  distance  which  is  virtually  the  same  as  that  in  quartz. 
In  contrast,  they  concluded  that  the  Si-O-Si  bond  angle  a 
varies  between  120°  and  180°,  with  the  most  probable  value 
being  144°,  only  slightly  larger  than  the  value  l43-5  in 
quartz  and  slightly  smaller  than  the  value  146.8  in  low 
cr istobalite .  Their  distribution  of  values  indicates  that 
(X  is  more  likely  to  be  greater  than  144  ,  partly  account¬ 
ing  for  the  lower  density  in  fused  silica  compared  with  that 
of  quartz. 

3 

A  more  recent  study  by  Konnert  and  Karle  has  raised 
the  possibility  that  silica  glass  may  be  composed  of  micro¬ 
crystallites  of  the  low  temperature  form  of  tridymite  (low 
tridymite)  having  dimensions  of  approximately  13  X.  Although 
the  structure  of  low  tridymite  is  not  yet  known,  the  radial 
distribution  function  indicates  that  it  also  ieatures  nearly 
regular  SiO.  tetrahedra.  In  analogy  with  low  cr istobalite , 
one  might  expect  an  Si-O-Si  bond  angle  to  be  somewhat 
greater  than  in  quartz.  Interestingly  enough,  high  tri- 
dvmite  with  its  irregular  SiO.  tetrahedra  and  larger 
Si-O-Si  bond  angles  has  a  radial  distribution  function 
which  is  quite  different  and  easily  distinguishable  from 
those  of  fused  silica  quartz,  low  cristobalite  and  low  tri¬ 
dymite,  whose  radial  distributions  function  display  a  much 
greater  degree  of  simularity  with  each  other. 

Hence  the  evidence  so  far  indicates  that  glassy  SiOg 
is  composed  of  nearly  regular  SiO.  tetrahedra.  The  ques¬ 
tion  of  the  Si-O-Si  bond  angle  is  still  open,  but  it  seems 
reasonable  to  assume  that  the  average  value  is  somewhat 
larger  than  in  quartz.  Recently,  Philipp  has  found  that 
certain  thin  SiO  films  with  x  a  1.5  display  optical  pro¬ 
perties  similar  ¥o  those  of  fused  and  crystalline  quartz, 
prompting  the  conjecture  that  these  films  also  may  display 
the  same  type  of  short  range  order.  Verification  of  this 
conjecture  must  await  further  experimental  results,  but  at 
this  point,  it  seems  reasonable  and  necessary  to  incorporate 
this  structural  information  into  the  theoretical  models. 
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III.  THE  CENTER  IN  SiC>2 


There  are  two  reasons  why  structural  information  is 
important  in  the  development  of  any  theory  of  SiOg.  First, 
a  knowledge  of  the  atomic  positions  is  quite  useful  in 
making  any  quantum  mechanical  calculations  of  electronic 
energy  levels.  Second,  the  details  of  the  structure  can 
give  some  clues  concerning  the  way  in  which  to  construct 
(he  bonding  orbitals  in  such  a  theory.  With  respect  to  the 
second  consideration,  the  tetrahedral  structure  of  the  SiC>4 
unit  surrounding  each  Si  atom,  coupled  with  the  fact  that 
the  Si  atom  is  in  Group  IV  of  the  periodic  table,  gives  a 
strong  suggestion  that  the  Si  valence  orbitals  are  in  the 
sp8  hybrid  configuration  in  SiOg.  The  sp3  configuration  is 
the  only  one  in  which  the  orbitals  have  tetrahedral  (or  dis¬ 
torted  tetrahedral)  symmetry  without  the  inclusion  of  d 
orbitals.  The  appreciable  admixing  of  d  orbitals  appears 
unlikely  since  this  would  require  a  considerably  greater 
hybridization  energy  without  significantly  adding  to  the 
bond  energies.  Calculations  such  as  those  of  Bennett  and 
Noth3*  ,  which  will  be  discussed  later,  confirm  this  ex¬ 
pectation  since  they  indicate  that  the  Si  d  orbitals  have 
virtually  no  involvement  in  the  valence  bond  states.  It  is. 
oi  course,  important  to  have  some  experimental  confirmation 
oi  these  inferences.  Such  evidence  is  available  from  the 
Kj  delect  center  in  SiOg. 

The  E’  center  is  a  radiation-induced  paramagnetic  de¬ 
fect  in  both  crystalline  and  glassy  Si02  which  was  first  re¬ 
ported  by  Nelson  and  Weeks7.  The  center  was  observed  to  be 
permanent  with  an  optical  absorption  peak  at  about  ^.1  eV. 
While  there  is  some  disagreement  about  the  detailed  inter¬ 
pretation  of  the  spin  resonance  data,  there  seems  to  be  gen¬ 
eral  agreement  that  the  observed  paramagnetic  resonance  is 
produced  by  an  unpaired  Si  sp3  hybrid  orbital8.  This  con¬ 
clusion  is  based  upon  the  magnitude  of  the  hyperfine  inter¬ 
action  of  the  electron  with  the  Si39  nucleus. 
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Thus  the  spin-resonance  data  indicates  the  presence 
t he  sp3  hybrid  orbitals  even  if  the  Si  atom  is  not  bonded 
lour  adjacent  0  atoms.  Calculations  have  shown9  that  a 
atom  in  the  hybrid  state  and  bonded  to  only  three  adjacent 
toms  is  a  stable  arrangement  but  that  it  is  unstable  if 
ded  to  only  two  0  atoms.  Therefore  one  may  reasonably 
or  from  the  information  concerning  the  E'  center  in  Si09 
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atoms  and  the  sp3  hybrid  arrangement  oi  the  Si  valence  or¬ 
bitals.  This  arrangement  is  stable  enough  to  survive  the 
removal  of  an  0  atom  at  one  of  the  corners  of  the  tetra¬ 
hedron  . 


IV.  MODELS  FOR  ELECTRONIC  PROCESSES  IN  SiOg 

Two  different  types  of  quantum  mechanical  theories 
have  been  proposed  so  far  to  describe  the  electronic  pro¬ 
cesses  in  Si02.  The  first  theoretical  model  which  was  pub¬ 
lished10  attempted  to  explain  the  ultraviolet  spectrum  of 
SiOp  by  assuming  that  the  ubiquitous  SiO.  tetrahedron  re¬ 
sults  from  the  sp*5  hybridization  of  the  Si  valence  orbitals 
and  the  formation  of  Heitler-London  type  bonds  between  the 
Si  and  0  atoms .  According  to  this  model,  electronic  exci¬ 
tation  of  the  system  can  result  in  such  processes  as  the 
breaking  of  Si-0  bonds  and  the  localized  rearrangement  of 
atomic  valence  orbitals.  In  contrast,  the  more  traditional 
molecular  orbital  model  as  applied  in  later  theories  of 
SiOg  by  Reilly11  and  by  Bennett  and  Roth5>6  gives  a  more 
conservative  picture  of  electronic  excitation. 

In  a  molecular  orbital  approach,  the  wave  function  for 
the  N  electron  system  is  represented  as  an  antisymmetrized 
product  of  one-electron  molecular  orbitals,  each  having  the 
form  C  a  (j)  where  1  <  i<  N  and  the  a  (j)  are  atomic 

orbitals  centereS  St  each  atomic  site.  The  energy  eigen¬ 
values  or  on:. -electron  energies  e  .  are  given  by  the  con¬ 
dition 


Det  (H-  eS)  =  0 

where  y  represents  the  matrix  elements  of  the  Hamiltonian, 
and  the  various  overlap  integrals.  The  calculated  co¬ 
hesive  energy  is  the  difference  between  the  sum  of  the  e\ 
and  one-electron  energies  for  the  separated  atoms.  It  is 
clear  that  the  excited  states  of  the  system  in  this  model 
consist  of  filling  up  the  unfilled  c . ,  since  for  an  N 
electron  system,  there  are  N  eigenvalues,  but  in  the  ground 
state,  only  the  lowest  N/2  are  filled,  since  two  electrons 
having  opposite  spins  can  be  placed  in  each  of  the$i%  The 
wave  functions  for  the  eccited  states  of  the  system  differ 
from  that  of  the  ground  state  only  in  the  values  of  the  Cn 
in  the  molecular  orbitals.  In  the  work  by  Reilly,  local 
symmetries  about  each  atom  were  used  to  simplify  the  form 
of  t he  <J> .  .  The  sp*5  hybrid  orbitals  were  used  for  the  Si 
atom,  ancl  directed  hybrid  orbitals,  discussed  below,  were 
used  for  the  O  atom.  Estimates  of  thee,  were  made  from 
qualitative  considerations  in  order  to  arrive  at  a  picture 
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oT  the  nature  of  the  electronic  excitation  in  SiC>2  that 
Kives  the  first  two  lines  in  the  ultraviolet  spectrum.  On 
the  other  hand,  the  e.  were  calculated  by  means  of  a  sim¬ 
plified  technique,  the  Extended  lluckel  Theory  (EHT)  by 
Bennett  and  Roth.  In  this  method,  the  off-diagonal  matrix 
elements  of  the  Hamiltonian  are  given  by 


V  -  l/2  K  +  VSA0 


where  li  x  x  =  Ix  is  the  valence  state  ionization  potential, 

S Vo  is  an  overlap  integral  between  atomic  orbitals,  and  K 
is  taken  to  be  a  constant,  i.e.,  K  -  1.75. 


In  contrast  to  the  molecular  orbital  model,  the  valence 
bond  model  proposed  by  Ruffa10  takes  a  quite  different  con¬ 
ceptual  view  of  both  cohesion  in  the  ground  state  Si02  and 
electronic  excitation  of  the  system.  The  ground  state  wave 
function  is  again  represented  as  a  single  determinent ,  but 
instead  of  being  composed  of  molecular  orbitals,  it  is  in¬ 
stead  constructed  in  the  form  of  a  generalized  antisymmet¬ 
ric  product  of  Si  and  0  core  atomic  ions  functions.  The 
•wo  electron  bonding  wave  functions  (1,2)  have  the  form 

$  (1,2)  2-1/2^Si(l)$0(2)+$Si(2)Ml+S2)'1/2P(1.2). 


where  P(l,2)  is  a  two-electron  singlet  spin  function,  and 
S  •-  (<f  ,<J>  )  is  the  overlap  integral,  and  as  stated  earliei  , 

the  4>o -have  the  form  of  Si  sp3  hybrid  orbitals.  The  «t>0 
are  fallen  to  be  09  orbitals,  with  two  of  them,  say  the  2px> 
paired  together  as^nonbonding  lone  pair  orbitals.  The  re¬ 
maining  2p  and  2pr  orbitals  included  in  the  two  electron 
bonding  wa^e  functions,  are  inclined  at  angles  of  27  with 
t he*  bond  axes  in  order  to  achieve  maximum  stability3*10. 
There  is  evidence  indicating  minimal  hybridization  of  the 
valence  orbitals  in  the  0  atom,  thus  justifying  the  use  of 
simple  2p  bonding  orbitals,  but  this  will  be  discussed  in 
detail  later  on. 


Unlike  the  molecular  orbital  model  where  cohesive 
energy  is  represented  as  the  difference  between  the  values 
of  for  the  material  and  the  separated  atoms,  cohesion 

L  1 

in  the  valence  bond  model  arises  primarily  from  the  lleitler- 
London  bonding  mechanism,  i.e.,  the  two  electron  bonding 
wave  functions  associated  with  each  Si-0  atom  pairs.  This 
energy  can  be  calculated  quantum  mechanically  in  principle, 
but  it  ian  also  be  determined  from  thermochemical  data. 

This  lias  been  done  for  Si09  and  the  bond  energy  has  been 
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found  to  be  7,9  eV.^®  Excitation  of  the  system  is  also 
different  in  this  model.  Instead  of  a  filling  of  the 
initially  unfilled  one  electron  energy  levels  as  is  done  in 
the  molecular  orbital  model  to  describe  electronic  excita¬ 
tion,  the  valence  bond  model  allows  more  drastic  changes  in 
the  local  environment  of  the  material  and  in  the  associated 
wave  function.  The  excited  state  energy  is  then  calculated 
accordingly . 

Although  these  energies  can  in  principle  be  calculated 
by  means  of  the  one  electron  approximation,  the  model  of 
excitation  used  in  the  molecular  orbital  scheme  has  become 
known  in  some  circles  as  the  one  electron  approximation. 

This  scheme  of  using  the  unfilled  one  electron  energy  levels 
to  describe  electronic  excitation  lias  been  used  with  con¬ 
siderable  success  in  band  structure  calculations  of  metals 
and  semiconductors.  However,  the  use  of  the  valence  bond 
model  in  a  material  such  as  SiC^  presents  a  picture  which 
is  more  immediately  suited  to  a  description  of  situations 
where  local  changes  in  environment  are  brought  about  by 
electronic  excitation.  These  changes  which  include  such 
processes  as  bond  breaking  and  orbital  rotation  and  re¬ 
arrangement  may  very  well  take  place  in  SiO,,  and  other  ma¬ 
terials  which  are  large  Land  gap  insulators“and  which  fea¬ 
ture  highly  localized  covalent  bonding. 

The  idea  of  bond  breaking  is  a  rather  old  one  in  t he 
study  of  organic,  molecules  in  the  gaseous  state.  The  pro¬ 
cess  of  photolysis,  in  which  light  of  a  precise  frequency 
is  used  to  break  apart  molecules  lias  been  the  physical 
chemists'  tool  for  a  long  time  in  determining  bond  energies. 
By  studying  the  products  which  remain  after  the  molecular 
decompositions,  and  knowing  precisely  the  energy  associated 
with  the  incoming  radiation,  each  of  the  bond  eneigies  in 
the  molecule  can  be  deduced.  This  information  is  of  consid¬ 
erable  importance  in  reaction  rate  determinations. 

This  idea  has  not  received  much  attention  in  solid  ma¬ 
terials,  possibly  because  bond  breaking  would  not  in  this 
case  lead  to  decomposition  of  the  material.  Instead,  bond 
breaking  in  the  solid  material  might  result  in  orbital  re¬ 
orientation,  exciton  creation,  and  the  excitation  of  elec¬ 
trons  into  the  conduction  band.  Thus  no  obvious  physical 
process  identifies  the  breaking  of  bonds  and  more  subtle 
analyses  must  determine  whether  or  not  a  theoretical  model 
which  includes  such  processes  in  its  description  of  these 
materials  is  valid.  Ultimately,  experimental  observation 
is  the  means  by  which  this  will  be  determined,  but  the  na¬ 
ture  of  the  experiments  will  undoubtedly  be  suggested  by 
the  success  or  failure  of  the  theoretical  models. 
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V.  COMPARISON  OF  THE  MODELS  WITH 


EXPERIMENTAL  PROPERTIES  OF  Si02 

COMPARISON  WITH  THE  ULTRAVIOLET  SPECTRUM 

Having  sketched  the  broad  conceptual  bases  for  the 
theoretical  models  in  the  last  section,  we  will  now  make  a 
critical  comparison  of  them  with  some  of  the  experimental 
properties  of  Si02<  The  ultraviolet  spectrum  of  quartz  was 
first  examined  by  Loh12  who  observed  a  sharp  peak  at  10.1 
eV  and  a  broader  peak  at  about  12  eV.  These  two  prominent 
features  were  subsequently  confirmed  by  Philipp1^  in  both 
quartz  and  fused  silica.  Philipp  extended  his  data  out  to 
20  eV  and  observed  two  other  peaks  in  addition  at  higher 
energies  with  the  general  features  of  the  results  lor  iused 
and  crystalline  quartz  being  nearly  identical.  Loh  origi¬ 
nally  suggested  that  the  first  peak  represented  an  exciton 
while  the  second,  he  associated  with  transitions  to  the  con 
duct  ion  band .  The  shapes  of  the  curves  make  this  specu¬ 
lation  attractive,  since  the  first  peak  is  quite  sharp  and 
docidely  Lorentzian  in  shape,  while  the  second  is  broader 
and  more  diffuse. 


THE  VALENCE  BOND  MODEL 

The  first  model10  for  the  ultraviolet  spectrum  of  SiO? 
proposed  that  the  first  peak  in  the  spectrum  results  from 
the  breaking  of  an  Si-0  bond  with  the  creation  of  a  Wannier 
exciton.  The  binding  energy  of  the  hydrogenic  orbital  asso¬ 
ciated  with  such  an  exciton  with  respect  to  the  conduction 
band  is  u (e2/K)2/2h22 ,  where  u  is  the  reduced  electron-hole 
effective  mass,  and  K  is  the  dielectric  constant.  Using  the 
optical  dielectric  constant  extrapolated  to  A  -  00  and  a  value 
0.5  which  is  fairly  typical  for  insulators,  the  binding 
energy  of  the  Wannier  exciton  with  respect  to  the  conduction 
band  was  calculated  to  be  1.27  eV.  The  average  radius  of 
the  orbit  is  2.8  eV  which  is  nearly  enough  to  include  next 
nearest  neighbors,  and  hence  make  the  assumption  of  a  rela¬ 
tively  large  radius  orbit  reasonable.  The  second  peak  then 
results  from  the  ionization  of  the  exciton  into  the  con¬ 
tinuum.  This  calculated  binding  energy  is  also  reasonably 
close  to  the  observed  separation  between  the  first  two 
peaks . 
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The  absolute  energy  placement  of  the  first  two  peaks, 
i.e.,  in  this  model  the  energy  necessary  to  create  the 
Cannier  exciton,  was  determined  by  estimating  the  energy 
associated  with  the  bond  breaking  and  orbital  rearrangement 
processes.  This  was  originally  accomplished  by  adding  to 
the  energy  of  the  broken  bond  (7.9  eV)  the  estimate  of  the 
energy  lost  through  the  three  remaining  distorted  Si-0  bonds 
associated  with  the  given  Si  atom.  The  estimate  was  made  b> 
assuming  that  the  hole  would  be  localized  on  the  Si  atom 
leaving  behind  the  sp2  hybrid  conf igurat ion .  These  orbitals 
would  then  be  displaced  by  19°  from  the  original  bond  axes 
with  an  estimated  reduction  in  energy  by  a  factor  of  cos 
19°.  This  energy  reduction  approximation  is  based  on  the 
assumption  that  the  Coulomb  integral  J  and  the  exchange 
integral  K  are  approximately  equal,  in  the  Heit ler-London 
bond  energy  E,  =  (J+K)/(l+S).  Since  J  is  nearly  inde¬ 
pendent  of  orientation  and  K  ~  cos2  o  where  o  is  the  re¬ 
orientation  angle  ,  then  the  bond  energy  varies  approximately 
as  K(l+cos  o)  «  cos  a.  Subsequent  calculations9  indi¬ 
cated  that  this  is  a  fairly  good  approximation  in  Si09 . 

However,  it  is  clear  that  this  procedure  is  a  great 
oversimplification.  First,  it  seems  unlikely  that  the  hole 
would  be  completely  localized  on  the  Si  atom.  Instead  the 
electron  remaining  from  the  broken  bond  would  probably  be 
shared  by  both  the  Si  and  0  atoms  in  order  to  achieve  the 
lowest  energy.  Although  the  large  oxygen  2p  one  electron 
energy  (~  14  eV)  seems  to  indicate  that  the  electron  would 
be  primarily  located  on  the  oxygen  atom.  In  addition  the 
process  of  the  reorientation  of  the  other  oxygen  bonding 
orbital  with  respect  to  the  Si-0  bond  was  not  considered  - 
a  process  included  in  later  calculations.9*14  Finally,  the 
question  of  the  change  in  energy  associated  with  the  change 
in  Si  valence  orbitals  was  not  considered.  Detailed 
quantitative  calculations  which  properly  include  all  of 
these  processes  would  be  quite  difficult  and  probably  not 
justified  until  some  experimental  confirmation  of  the 
model  takes  place.  Some  suggestions  along  these  lines  will 
lie  discussed  later  on. 
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THE  HYBRID  MOLECULAR  ORBITAL  MODEL 


Another  model  for  the  first  two  ultraviolet  spectral 
Imios  in  SiOp  which  is  quite  different  conceptually  from  the 
l  irst  was  suggested  by  Reilly11.  Using  a  molecular  orbital 
scheme,  Reilly  proposed  that  the  oxygen  2s  and  2p  electrons 
Torm  the  following  hybrid  orbitals  in  Si02: 


^1-  2‘1/2r  (2-cos2  a/2) 1/2  os  -  Opy  -  (cot  a/2)op7" 


%  2"1/2[(2-csc2  a/2)1/2  os  +  opy  -  cot  a/ 2)opz" 


+  (2-csc2  a/2)1^2  0 


O  are  the  oxygen  atomic  orbitals  and  a 
afi£le.  In  this  hybrid  orbital  arrange- 
orbitals  which  point  in  the  two  Si-0  bond 
lone  pair  orbital  in  the  Si -0-Si  plane 
pointing  away^from  the  three  atom  molecule,  and  $4  is  a  lone 
pair  orbital  which  is  perpendicular  to  the  Si-O-Si  plane. 

The  Last  two  orbitals  contain  two  electrons  each,  while  the 
1  irst  two  contain  one  each  for  the  total  of  six  oxygen 
valence  electrons. 

Reilly  associated  the  first  sharp  peak  in  the  Si02 
spectrum  with  an  exciton  resulting  from  an  atomic-like  tran¬ 
sition  involving  the  <f>.  above,  i.e.,  the  oxygen  p  orbital, 
and  an  electronic  orbital  resembling  the  oxygen  3s  orbital. 

In  similar  fashion,  he  connected  the  next  peak  with  an 
oxygen  2p  -  3d  exciton  transition  involving  the  other  lone 
pair  orbital  .  Noting  Phillip’s1**  nearly  identical  re¬ 
sults  lor  fused  and  crystalline  quartz  which  he  observed 
occur  "despite  the  lack  of  long  range  order  in  the  former, 


(cot  a/2)os 


^4  °px 


whore  o  ,  o  ,  O  , 
is  the  Si-0ESi  bond 
ment ,  4^  and  $2.  are 
direct  ions ,  is  a 
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characterized  by  large  variations  in  the  Si-O-Si  bond  anglcf, 
he  concluded  that  "the  Si  influence  in  the  associated  ex¬ 
cited  electron  states  is  secondary".  As  an  example  he 
claimed  that  excited  electron  state  lor  the  electron  hole 
pair  is  probably  not  Si-0  antibonding.  The  reference  to 
the  large  variations  in  Si-O-Si  bond  angle  relates  to  the 
Mozzi -Warren2  model  of  fused  silica,  where  a  varies  between 
1200  and  180°. 


While  Reilly  apparently  believed  that  dissociating  the 
excited  states  from  Si  atom  influence  would  make  his  model 
compatible  with  both  Phillip's12  results  and  the  Mozzi- 
Warren  model,  he  appears  to  have  overlooked  one  serious 
problem  which  his  hybridization  scheme  would  present.  If, 
in  fact,  the  Mozzi-Warren  model  is  correct,  the  large  varia¬ 
tions  in  a  would  produce  similar  variations  in  associated 
transition  probabilities  and  one  electron  energies  according 
to  Reilly's  hybridization  scheme  which  would  predict  quite 
different  U.V.  spectra  for  fused  and  crystalline  quartz. 
Consider  the  one  electron  energies,  for  example,  which 
would  determine  the  positions  of  the  spectral  lines.  Ap¬ 
proximate  one  electron  energies  for  Reilly’s  hybrid  orbitals 
can  he  calculated  by  noting  that  if  II  is  the  one  electron 

Hamiltonian  for  the  normal  oxygen  atom,  then  Ho  c  ,  and 

s  _  s 


Ho 

px 

$ 

px 


Ho 

=,  ^  .j?  y 


Ho 


$ 


J2z 


py 


pz 


where  c  and 
s 


c  are 
P 


the  one  elec¬ 


tion  energies  of  the  s  and  p  orbitals.  We  may  now  calculate 
approximate  one  electron  energies  for  the  hybrid  orbitals  by 
taking  the  associated  expectation  values  of  H: 


C1  “»  (2  =  ^  >  H<I,i  ^  =  2-1[(2-csc2  ol/2  )tg+  ( l+cot2a/2)  f  ^ 
f 3  =  ($3,H*3)  =  (cot2  a/2)  e g  +  (2-csc2  a/2) 


Wo  see  from  this  calculation  that  the  value  of  e4  is  inde¬ 
pendent  ol  a  but  that  the  value  of  c3 .  which  according  to 
Reilly's  model  accounts  for  the  second  peak  in  the  U.V. 
spectrum,  is  strongly  dependent  upon  a.  Using  the  Herman 
and  Ski  liman iJ  values  for  r  and  f  one  quickly  finds  that 
tlu>  Mozzi-Warren  structural1  model  requires  that  in  fused 


99 


quart/,  c3  varies  between  14.1  and  19.1  eV.  This  wide 
vai'iat  ion  in  energy  would  be  matched  by  the  widely  ranging 
values  in  the  transition  probabilities  for  the  process 
4>.,  -  3d  proposed  by  Reilly  since  the  various  components  of 
are  strongly  a  dependent.  The  second  spectral  line 
would  thus  be  broadened  considerably,  probably  to  the  point 
where  it  would  not  be  observable.  Consequently,  this  model 
results  in  quite  different  descriptions  for  the  second  peak 
of  the  U.V.  spectra  for  fused  and  crystalline  quartz  and  we 
must  conclude  that  the  hybrid  molecular  orbital  (11M0) 
scheme  alone  is  inconsistent  with  the  Mozzi -Warren  model 
and  Phillip's  results  concerning  the  similarity  of  U.V. 
spectra  for  crystalline  and  fused  quartz.  While  the 
Konnert -Kar le  model  could  provide  a  measure  of  compatability 
on  this  score,  since  the  structure  of  low  tridymite,  al¬ 
though  it  is  not  known,  probably  features  one  or  at  most  a 
lew  values  of  a  which  are  close  to  that  in  crystalline 
quartz,  the  1IM0  model  also  runs  into  serious  problems  with 
the  x-ray  emission  data  as  will  be  discussed  later.  Implied 
in  Reilly's  paper,  however,  is  the  possibility  that  further 
mixing  with  other  orbitals  can  decouple  the  s  contribution 
to  the  bonding  orbitals.  While  this  would  change  the  U.V. 
spectrum  interpretation  by  largely  eliminating  one  of  the 
lone  pair  orbitals,  it  would  avoid  many  of  the  problems 
discussed  above.  A  nonhybrid  model  will  be  discussed 
further  on. 


THE  EXTENDED  HUCKEL  CALCULATIONS 

Bennett  and  Roth'  ’  applied  the  EHT  to  a  calculation 
of  t  lie  excited  state  energy  levels  and  the  imaginary  part 
ol  the  dielectric  constant  of  Si09  and  some  clusters  repre¬ 
senting  models  of  materials  in  the  amorphous  series  SiO  , 
with  0  •  x  2.  They  concede  that  the  first  sharp  peak  in 
the  U.V.  spectrum  may  be  due  to  an  exeiton  transition  but 
they  do  not  consider  it  further.  The  EHT  is  generally 
known  to  yield  useful  semiquant itat ive  results  for  energy 
'eve  Is  of  small  molecules,  and,  therefore,  may  be  applied 
10  an  extended  material  by  considering  small  clusters  of 
atoms  and  applying  periodic  boundry  conditions.  However, 
one  problem  with  this  method  is  that  the  technique  is  not 
sc  1 f -consistent ,  as  is  acknowledged  by  Bennett  and  Roth, 
and  therefore,  the  eigenfunctions  yielded  by  the  calcula¬ 
tions  may  not  realistically  represent  the  system. 

The  results  of  the  calculations  generally  confirm 
those  expectations.  They  are  in  relatively  good  semiquanti- 
tative  agreement  with  the  experimental  results  of  Phillip4, 
im  Hiding  the  variation  of  t  lie  energy  gap  with  composition 
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and  the  general  shape  of  the  c2  “  vs  “  frequency  ciirves. 
However,  the  EHT  nas  the  property  that  in  Sip„  it  yields 
a  nearly  ionic  configuration,  i.e.,  S.+^  Og-^  in  connection 
with  the  calculated  energy  eigenvalue^.  As  Bennett  and 
Roth  point  out,  this  is  a  weakness  of  the  method  which  is  a 
result  of  its  nonself-consistency.  Consequently,  this 
method  does  not  appear  to  be  well  suited  for  giving  a 
physical  description  of  the  processes  involved  in  the  elec¬ 
tronic  excitation  spectrum.  Moreover,  it  does  not  appear 
suited  to  describing  an  exciton  transition,  or  providing 
important  information  concerning  the  bonding  and  nonbonding 
orbitals  of  the  oxygen  atom  in  SiC^  or  the  uegree  of  hybrid¬ 
ization  of  the  bont ing  orbitals. 


COMPARISON  OF  THE  THEORETICAL 
MODELS  WITH  THE  OBSERVED  OXYGEN 

X-RAY  EMISSION  SPECTRUM  IN  Si02 

Information  concerning  the  oxygen  valence  orbitals  in 
SiO„  can  be  obtained  by  examining  the  oxygen  x-ray  emission 
spectrum,  since  this  provides  valuable  information  concern¬ 
ing  the  nature  and  degree  of  hybridization  of  the  valence 
orbitals  as  well  as  their  energetic  separations.  The 
oxygen  Ka  emission  spectrum  arises  when  an  02p  valence 
electron  fills  a  hole  in  the  K  shell  caused  previously  by 
ionizing  x-radiation.  It  is  clear  that  this  process  2p  - 
Is  yields  a  spectrum  whose  details  (number  of  lines,  rela¬ 
tive  intensities,  energetic  separations)  are  dependent 
upon  the  amount  of  2p  character  the  various  valence  orbitals 
contain,  which  in  turn  is  determined  by  the  nature  and  de¬ 
gree  of  hybridization.  The  OKa  x-ray  emission  spectrum  in 
SiO.  was  obtained  by  Ershov  and  Lukirskii.  Their  re¬ 
sults  indicate  that  the  OKa  emission  spectrum  in  Si02  con¬ 
sists  of  two  primary  lines,  separated  by  about  7  eV ,  with 
the  line  corresponding  to  the  higher  energy  being  about 
three  times  as  intense  as  the  other  one. 

14 

This  spectrum  has  been  analysed  within  the  frame¬ 
work  of  the  valence  bond  model  (VBM) .  According  to  this 
model  the  more  intense  line  corresponds  to  the  transition 
2p  (norbonding)-  Is,  involving  the  nonbonding  lone  pair  2p 
orbitals.  The  less  intense  and  energetic  satellite  results 
from  the  breaking  of  an  Si-0  bond,  with  the  stabilization 
of  the  remaining  Si-0  bond  by  rotacion  of  the  remaining  2p 
bonding  orbital  to  align  it  with  the  bond  axis.  The 
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calculated  energy  difference  between  the  two  processes  is 
7.^  eV,  in  good  agreement  with  observation.  The  calculated 
transition  probability  ratio  is  also  in  reasonably  good 
agreement  if  the  electron  remaining  associated  with  the  bro¬ 
ken  Si-0  bond  is  not  completely  isolated  on  the  0  atom.  As 
discussed  earlier,  this  possibility  appears  unlikely. 

The  observed  OKa  spectrum  may  also  be  compared  with 
other  models  of  SiOg  in  order  to  determine  whether  the 
oxygen  valence  orbital  scheme  which  they  propose  is  Consis¬ 
tent  with  it.  We  can  quickly  see,  for  example,  that  Rt illyte 
HMO  scheme  is  not  consistent  with  the  OKa  spectrum  oven  if 
we  assume  a  fixed  value  of  a.  Setting  a  =  143.5°,  the 
value  in  quartz,  the  HLO  valence  orbitals  for  oxygen  take 
the  form, 
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The  transition  probabilities  for  the  various  allowed  pro¬ 
cesses  are  proportional  to  the  square  of  the  dipole  matrix 
elements  (ls|r|<a  )  between  initial  and  final  states.  As  a 
matter  ol  convenience,  we  will  set  the  relative  intensity 
ol  the  process  $  -  Is  equal  to  unity.  The  appropriate 
matrix  elements  dre  easily  determined,  and  because  the 
transitions  -  Is  and  <J>g  **  Is  involve  the  same  energy 
since  c,  =  Cg,  then  the  two  processes  lumped  together  would 
correspond  to  a  single  spectral  line.  The  relative  transi¬ 
tion  prooabilities  are  then  calculated  to  be • 


($i  +  <J>g)  -  Is 


1.09 


*3  •*  ls 


0.89 


$4  -  Is  1.00 

ihus  we  see  that  the  HMO  model  predicts  the  existence  of 
tluee  spectral  lines  in  the  OKa  emission  spectrum  having 
nearly  equal  intensity.  Using  the  Herman  and  Skillman  one 
electron  energies  for  €  and  e  we  find  that  the  energetic 
separations  between  the  lines  would  be  5.2  eV  between  the 
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first  two  lines,  and  2.3  eV  between  the  last  two.  This  is 
obviously  inconsistent  with  the  observed  spectrum  consist¬ 
ing  of  two  lines  separated  by  7  eV  and  having  an  intensity 
+  a^°^lt.3:1-  Consequently,  we  must  conclude  that 

the  HMO  model  is  untenable.  In  addition,  the  results  of 
this  calculation  indicates  that  the  two  line  OKa  x-ray 
spectrum  is  a  fairly  strong  demonstration  of  the  lack  of 
appreciable  hybridization  of  the  oxygen  valence  orbitals  in 
®2*  FlSure  1  illustrates  the  experimental  spectrum  along 
with  the  results  calculated  using  both  the  HMO  and  VBM . 

The  results  of  the  EHT  calculations  also  appear  to  be 
incompatible  with  the  OK  x-ray  spectrum.  First,  the  near¬ 
ly  ionic  configuration  yielded  by  the  EHT  presents  grave 
problems  in  accounting  for  x-ray  satellite  lines,  since 
these  must  be  explained  in  terms  of  valence  orbitals  having 
different  one  dect!.^  energies,  and  different  character  in 
the  material  (usually  bonding  and  nonbonding).  Second,  the 
energy  levels  associated  with  the  0  2p  orbitals  obtained 
usmg  this  method  are  all  clustered  in  a  2-3  eV  region. 
Therefore  this  model  cannot  account  for  the  much  larger 
7  eV  separation  between  lines  in  the  OKa  x-ray  spectrum. 

It  is  not  clear  whether  the  Bennett-Roth  EHT  calculations 
ai  to  agree  with  the  OKa  x-ray  spectrum  because  of  the 

eipnyalues  which  they  yield,  or  whether  in 
fact,  their  calculated  eigenvalues  are  fair)y  accurate 
and  a  simple  molecular  orbital  model  which  does  not 

?ir^erK?tia^betWeen  the  ioni7°d  and  unionized  states  is 
incapable  of  describing  the  spectrum.  Resolution  of  this 

question  must  await  more  accurate  molecular  orbital  calcu- 
ia  t ions . 


A  NONHYBRID  MOLECULAR  ORBITAL  MODEL 

In  order  to  more  nearly  complete  the  discussion,  we 

1lin°L^nSid®La  m°lccular  orbital  model  analogous  to 
the  unmodified  HMO  which  avoids  the  problems  associated 
with  using  hybridized  oxygen  valence  orbitals  in  Si0o.  Such 
a  nonhybrid  molecular  orbital  model  (NHMO)  can  be  construct¬ 
ed  in  analogy  with  the  VBM,  in  which  two  0  2p  orbitals  are 
used  in  the  bonding  process,  and  two  nonbonding  2p  electrons 
are  placed  in  lone  pair  orbitals.  In  analogy  with  Reillv's 
modei  the  NHMO  model  can  attribute  the  exciton  transition 
to  a  2p  -  3s3process  involving  the  lone  pair  orbitals,  while 
theIISitatomP  hybrid  orbltals  f°r  the  valence  electrons  of 


103 


Ii  according  to  a  NHMO  model,  the  first  peak  in  the 
I'.V.  spectrum  is  assigned  to  a  2p  (nonbonding)  -  3s  transi¬ 
tion  where  the  excited  state  is  a  narrow  band  having  3s 
like  atomic  character,  the  question  then  arises  as  to  the 
mechanism  for  the  second  peak  in  the  spectrum  some  2  eV 
higher  in  energy.  These  are  two  possibilities.  One  is 
(hat  the  next  peak  arises  from  a  transition  from  the  narrow 
3s  bann  to  the  conduction  band.  The  other  would  involve  a 
transition  from  the  2p  bonding  level  to  the  conduction  band 
--  a  transition  which  in  principle  would  be  allowed  in  the 
molecular  orbital  scheme.  The  latter  assignment  would 
imply  that  the  0  2p  bonding  and  nonbonding  energy  levels 
are  separated  by  less  than  2  eV  in  Si02.  This  would  be 
consistent  with  the  results  of  the  Bennett-Roth  caleula- 
t ions  in  which  all  of  these  energy  levels  are  clustered 
within  a  2-3  eV  region.  Moreover,  ac  is  illustrated  in  Fig. 
2,  this  result  seems  reasonable,  since  the  cohesive  energy 
ol  SiO^  ol  7.9  eV  per  Si-0  bond  means  that  in  t  lie  molecular 
orbital  scheme,  the  total  amount  by  which  the  eigenvalues 
of  t  he  Si  and  O  bonding  orbitals  is  lowered  in  the  material 
is  7.9  eV.  Since  the  0  bonding  orbitals  are  initially 
lower  in  energy  than  those  of  the  Si-atom  by  about  6  eV ,  a 
minimal  lowering  of  the  0  bonding  orbital  eigenvalues  seems 
reasonable.  However,  this  result  is  completely  inconsis¬ 
tent  with  the  OKa  spectrum  which  requires  a  7  eV  separation 
between  0  2p  bonding  and  nonbonding  orbital  eigenvalues. 

Ill  is  problem  is  similar  to  that  discussed  earlier  with 
respect  to  the  Bonnet t -Roth  E1IT  calculations.  Although  it 
seems  unlikely  that  a  more  elaborate  calculation  would 
significantly  change  this  result,  we  will  allow  for  this 
possibility  in  the  discussion  which  follows. 

One  is  then  left  with  the  first  possibility  for  a 
NHMO  model  of  the  second  peak  in  the  U.V.  spectrum,  a  tran¬ 
sition  from  a  narrow  3s  band  to  the  conduction  band,  witli 
the  question  of  the  separation  of  the  bonding  and  nonbond¬ 
ing  oxygen  2p  orbitals  left  open.  The  participation  of 
the  bonding  2p  levels  could  then  be  assumed  to  either  take 
place  at  higher  energies,  or,  in  analogy  with  the  case  of 
the  lone  pair  orbitals  in  the  VBM10,  to  be  prohibited  by 
selection  rules.  This  possibility  seems  less  likely  than 
t  he  one  discussed  above,  but  in  the  absence  of  more 
accurate  theoretical  results  which  would  rule  it  out,  we 
wiLl  consider  some  of  the  experimental  implications  of  his 
model  compared  with  the  VBM.  In  the  first  place  one  might 
expet  t  some  similarities  as  well  as  differences  in  behavior 
between  the  Wannier  exciton  of  the  VBM  and  the  excilon  in¬ 
volving  the  atomic-like  transitions  of  this  model  as  a 
function  of  structural  detail  and  density  of  the  material, 
in  the  Wannier  exciton,  the  binding  energy  with  respect  to 
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o?tth:,t:^^r^nco^t^r^^11pr?rrionai  to  th° s<— 

is  in  turn  dependent  unnn  tho  1\ln  a  mlcroseopic  model, 
enclosed  by  the  exciton  orbit  °f  3olarizabl*  atoms 

density,  the  orbit  wou’d  enclAs^  fUS ’  ln  a  sample  ol  lower 
«UH  that  the  bi^inrener"?  ot  •  ,e"e^‘?ttOC,S>  *“h  th0 

This  model  therefore  predicts  that  <n  n,=  II  1S  lncr<?as°d. 

first  peak  in  the  II  v  I  that  m  iused  quartz,  the 

the  second  as  compared  trc^'stlinfte^^ir^Th”5'  ri'°m 
would  be  true  to  a  lesser  PYLt  quartz.  The  same 

dymite  with  respect  to  quartz  The*  ,  ^lstoballte  a»d  tri- 
ic-lile  narrow  band  wou?d  i n  «  ?h  behavior  ol  a  3s  atom- 
Slaterl7  3s  °rbi?al  fnr  S°me  resPects  be  similar.  The 

r^  exp(-l  75  r/3 )  The  e  0x^en  atoms  has  the  form 

orbital  in  vacu^'is  3  2!  ^f  ValU*  of  the  >'ad^  of  this 
nearest  neighbo™  “  sio  ’  ulir’T  t0  enclosc 
would  be  much  larger  due ’to  the  h2  ’  i  ho*ever  *  the  radius 
material,  and  would  enrLI  dielectric  constant  of  the 

the  binding  energj  of  tJe  L^^e  7™  at°mS *  In  va™um , 
respect  to  the  ionization  nLt  °"  18  about  4-5  eV  with 

the  2p  energy  level.  In  qCa^^tJS  SiSd-b°Ut  9,1  °V  ab°Ve 
reduced  by  a  factor  of  the  10  blndinbr  energy  might  be 

dielectric  constant  to  a  valCe  of  IW*  ?l  “*  °ptical 
the  excitation  enertrv  about  n  v  'f.eV‘.  This  would  make 
the  observed  10.1  e\\  On  the  other^h^18  mUCh  lai’Ker  than 
that  the  one  electron  ener^v  o?  the  'mnd\ one  mih'ht  argue 

strongly  influenced  by the d it  let  i  ' 7^7*1  iS  n°l  50 
slightly  increased  in  Sin  t-  constant  and  is  only 

transition  ?Se  bo  L  S  I?  acco“nt  f°r  thc  ob^rved 
to  be  lowered  with  respect  to^he"^!?10!!  band  WOuld  have 
ionization  continuum  .vl  ;  eV  ener6y  of  the 

smaller  separation  observed  betwee^tf1'  r  account  for  the 
the  SiO„  U  V  snectra  between  the  1  xrst  two  peaks  in 

changcs2in  the  Sieleclrio  eegy.S\lltS  with  aspect  to 

those  in  the  Wannier  exciton”8 vitf  !?Ul<?  be  Slmilar  to 

constant  in  glassy  SiO  resulting  in  a  shift  °ie}cctvic 
energies.  2  uk  ln  a  shilt  to  lower 

curvesl31?ornJhceutv"8snc,t°te  that  PhiuPP's  published 

«»*«  to  wJ'enerly  ^r  frit  a  ->H 

»-ith  respect  to  that  for  the  crystal  The"  u??d  quartz 
pronounced  in  the  comparison  of  the^io  fi’l‘  1?,"IOrc 
crystalline  quartz^  with  the  shift  nn  I*  5.  Wltb 

0-3  eV.  It  is  not  oss  Ip  n  aPpedring  to  be  about 

are  real  since  the  data  noin  c  1  11  whether  these  shifts 
would  have  to  be  confirmed  eitheJ^hJ0*  Sh°Wn’  Such  a  shift 
monochromator  along  with  the  refin  l  usin^  a  double  beam 
t'.V  source.  Coni  irlaUcVCf  sue  h^sh?;'  ^  ?, 

would  strongly  Indicate  that  the  li?s?  peak  ?s  n* 
of  either  a  Wannier  or  an  afic-like  t^sm™! 
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VI.  SUGGESTIONS  FOR  FURTHER  EXPERIMENTAL  TESTS 


In  the  absence  of  further  experimental  or  theoretical 
evidence,  it  is  not  possible  at  this  point  to  definitely 
favor  either  exciton  model,  although  the  atomic-like  exci- 
ton  of  the  NHMO  model  requires  just  the  right  combination 
ol  conduction  band  shift  with  respect  to  the  vacuum  ioniza¬ 
tion  continuum,  small  effect  of  the  dielectric  constant  of 
Si09  on  the  oxygen  atomic  excitation  energy,  noninvolvement 
ol  the  bonding  orbitals  in  the  process,  and  large  separa¬ 
tion  between  energy  eigenvalues  of  the  bonding  and  non¬ 
bonding  oxygen  2p  orbitals.  The  last  point  is  a  particu¬ 
larly  difficult  one,  since  it  seems  unlikely  that  molecular 
orbital  scheme  can  require  an  energetic  separation  between 
bonding  and  nonbonding  0  2p  orbitals  which  nearly  equals 
the  energy  per  Si-0  bond  in  order  to  make  it  agree  with  the 
observed  OKa  spectrum.  However,  it  is  possible  that  this 
question  can  be  settled  by  a  key  experiment  involving  thin 
Si09  films.  It  appears  to  be  possible  to  deposit  thermally 
annealed  thin  films  which  display  most  if  not  all  of  the 
short  range  order  that  exists  in  the  bulk  glassy  material. 
Hie  films  which  Philipp  studied4  may  have  had  this  property. 
On  the  other  hand,  R.F.  sputtered  films  do  not  appear  to 
display  even  short  range  order  since  the  atoms  are  deposited 
one  at  a  time  in  random  fashion.  In  such  a  sputtered  film, 
if  the  structure  is  truly  random,  and  the  SiO^  tetrahedral 
structure  is  largely  nonexistent,  then  the  VBM  featuring 
the  Wannier  exciton  and  a  strong  dependence  on  the  details 
of  the  Si-0  bond  would  predict  that  no  such  exciton  tran¬ 
sition  wouxd  occur.  Hence,  according  to  this  model,  such 
a  film  would  not  display  the  sharp  structure  which  has  been 
observed  in  the  U.V.  spectra  of  glassy  and  crystalline 
SiO.  between  10  and  12  eV.  On  the  other  hand,  the  NHMO 
model  which  features  the  atomic-like  2p  -  3s  exciton  tran- 
:  it  on  predicts  that  this  structure  in  the  spectrum  should 
occur  irrespective  of  short  range  order,  since  an  atomic- 
like  transition  involving  nonbonding  orbitals  is  virtually 
independent  of  the  details  of  the  Si-0  bonding  mechanisms. 

A  preliminary  experiment  of  this  type  has  already  been 
carried  out  by  Sigel18  who  was  unable  to  observe  this 
structure  in  the  U.V.  spectrum  of  sputtered  Si02  films.  If 
this  result  should  be  confirmed  by  more  extensive  studies 
ol  various  types  of  films  in  conjunction  with  careful  local 
structure  determinations  by  means  of  x-ray  analysis,  the 
VBM  ieaturing  the  Wannier  exciton  would  be  strongly  con¬ 
firmed,  while  the  NHMO  model  and  its  atomic  exciton  would 
lie  virtually  eliminated  from  further  consideration.  The 
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disappearance  of  this  structure  in  SiO  films  as  observed  by 
Philipp  is  initial  evidence  in  this  direction. 


The  question  of  whether  or  not  bond  breaking  processes 
takes  place  in  Si02  is  then  quite  an  important  one  in  the 
thin  film  applications.  Since  the  local  structural  order 
of  such  films  appears  to  be  quite  variable,  their  optical 
properties  may  be  amenable  to  structural  "tayloring"  if 
bond  breaking  is  involved  in  the  electronic  processes.  One 
example  was  just  given  concerning  the  U.V.  spectrum.  Anotha- 
may  involve  the  intrinsic  E'  center.  A  model  for  this  de¬ 
lect  center  consistent  withithe  VBM  has  been  given10  which 
is  in  agreement  with  available  experimental  data  and  which 
predicts  that  the  optical  excitation  of  the  center  results 
in  the  breaking  of  a  Si-0  bond.  It  has  been  suggested1-0 
that  the  bond  breaking  may  be  detected  by  spin  resonance 
techniques.  The  only  other  model  for  this  center  was  set 
forth  by  Bennett  and  Roth5  who  observed  in  their  EHT  calcu¬ 
lations  that  an  oxygen  vacancy  resulted  in  the  appearance 
of  an  energy  level  6.6  eV  above  the  ground  state  which  they 
associated  with  the  El  center.  This  model  does  not  appear 
to  be  tenable,  however,  since  the  dangling  Si  sp3  hybrid 
orbital  required  by  the  experimental  results  needs  a  much 
larger  void  in  the  material  than  a  single  0  vacancy.  As 
has  been  pointed  out,10  the  overlap  between  adjacent  Si 
orbitals  at  an  0  vacancy  is  too  large  to  allow  anything  but 
a  singlet  configuration  (or  a  triplet  excited  state),  which 
is  contrary  to  the  doublet  paramagnetic  property  of  the 
center.  Moreover,  Bennett  and  Roth  recognized  that  their 
model  gives  the  wrong  intensity  of  the  hyperfine  interac¬ 
tion  in  the  LSR  spectrum. 

Since  the  E'  center  requires  a  large  void  in  the  ma¬ 
terial,  the  question  arises  as  to  just  where  such  voids 
might  exist.  It  is  well  known  that  it  is  difficult  to  pro¬ 
duce  these  centers  in  crystalline  quartz,  but  relatively 
easy  in  fused  silica.  Of  comce,  the  centers  could  occur 
in  t lie  crystal  at  dislocations  and  other  large  structural 
defects.  Structural  defects  and  voids  would  be  much  more 
prevalent  in  the  glassy  material,  possibly  explaining  its 
easier  coloring  property.  However,  the  Konnert -Kar le 
structural  model  raises  a  fascinating  possibility.  If  the 
glassy  material  is  composed  of  microcrystallites,  then  the 
1  '  renters  could  occur  at  their  surfaces.  In  this  case, 
the  ease  of  formation  of  these  centers  in  thin  films  could 
he  determined  by  their  structural  details.  Thus  the  E' 
hand  could  be  made  to  appear  or  disappear  in  a  film  de= 
pending  upon  the  way  in  which  it  is  deposited. 


107 


rt  has  already  been  suggested14  that  paramagnetic  de¬ 
lect  tenters  might  be  created  in  SiOg  by  x-radiation  on 
high  energy  electrons  it  the  bond  breaking  mechanism  for 
the  OKa  emission  spectrum  is  correct.  It  is  clear,  however, 
that  m  a  thin  film,  this  mechanism  may  be  structure  de¬ 
pendent,  so  that  the  susceptibility  of  a  film  to  the  forma¬ 
tion  of  defects  may  be  a  function  of  the  way  in  which  the 
film  is  deposited.  The  studying  of  bond  breaking  possi¬ 
bilities  by  x-radiation  or  high  energy  electrons  create 
problems  because  of  the  structural  damage  which  is  done  in 
the  material.  With  the  commercial  available  of  U.V.  lasers, 
it  may  now  be  possible  to  conduct  experiments  which  involve 
only  the  valence  electrons  and  the  Si-0  bonds  with  the 
avoidance  of  t  e  undesirable  disruption  of  the  inner  shell 
e  led  rons  . 


VI.  SUMMARY  AND  CONCLUSIONS 

In  this  article,  we  have  examined  four  different 
theoretical  approaches  to  the  understanding  of  electronic 
processes  in  SiC9.  Three  of  these,  the  valence  bond  model 
of  Ruff a,  the  hybrid  molecular  orbital  model  of  Reilly, 
and  the  extended  Huckel  calculations  of  Bennett  and  Roth 
have  already  appeared  in  the  published  literature.  The 
fourth,  the  nonhybrid  molecular  orbital  model,  has  been  set 
forth  and  analyzed  in  this  article  in  order  to  surmount 
some  of  the  problems  encountered  by  the  hybrid  molecular 
orbital  model  and  to  make  for  a  more  complete  discussion. 

A  summary  of  the  analyses  of  these  models  and  suggested 
experimental  tests  which  appeared  in  this  article  are  in¬ 
cluded  in  Table  I. 

It  is  clear  that  some  of  the  experiments  proposed  in 
this  article  could  have  wide  ranging  possibilities  con¬ 
cerning  tne  further  understanding  cl  the  properties  of 
SiO,,,  particularly  the  thin  films  of  this  material  and  its 
nonstoichiometr j c  variations.  Confirmation  of  a  shift  to 
lower  energies  ol  the  first  peak  in  the  U.V.  spectrum  oi 
glassy  composed  to  crystallic  quartz  would  strongly  support 
the  Wannier  or  atomic  exciton  transition  models.  Disappear 
ance  of  this  structural  feature  in  the  U.V.  spectra  in 
sputtered  films,  but  not  in  thermally  annealed  films  would 
strongly  confirm  the  bond  breaking  and  Wannier  exciton 
models.  This  would  imply  that  the  U.V.  spectrum  could  be 
varied  by  the  way  in  which  the  films  are  deposited  or 
annealed.  Similar  possibilities  exist  for  the  E’  defect. 
Particularly  if  the  bond  breaking  mechanism  are  confirmed, 
it  would  appear  that  both  the  pure  films  as  well  as  those 
containing  atomic  impurities  could  be  subject  to  a  wide 
range  of  controlled  variation  in  their  optical  and  defect 
proper t ies . 
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TABLE  I.  SUMMARY  OF  DISCUSSIONS  CONCERNING  PROPOSED 


THEORETICAL  MODELS  OF  ELECTRONIC  PROCESSES  IN  Si02 


VALENCE  BOND  MODEL  ( VBM ) 

1.  Associates  first  peak  in  U.V.  spectrum  with  breaking 
oi  Si-0  bond  and  formation  of  Wannier  exciton.  Second  peak 
then  results  from  excitation  of  electron  into  conduction 
band.  Fairly  good  agreement  with  observed  energies. 

2.  Predicts  that  first  peak  changes  or  disappears  if 
•  i 04  tetrahedra  in  material  are  changed  or  destroyed. 

3.  Predicts  slight  shift  in  first  peak  to  lower  energy 
in  quartz  compared  to  position  of  first  peak  in  fused 
silica. 


4.  Associates  low  energy  satellite  in  OKa  x-ray  emissior 
spectrum  with  the  breaking  of  Si-0  bond.  Gives  fairly  gooc 
agreement  with  observed  energy  separation  and  intensities 
of  two  lines. 

5.  Predicts  formation  of  paramagnetic  point  defects 
resulting  from  x-ray  emission  and  other  radiative  processes. 


HYBRID  MOLECULAR  ORBITAL  MODEL  (HMO) 

1.  Associates  first  two  peaks  in  U.V.  spectrum  with 
atomic-like  exciton  transitions  involving  two  different 
sets  of  lone  pair  orbitals  resulting  from  hybr idizat ion  of 
0  valence  electron  orbitals.  Gives  results  inconsistent 
with  Mozzi -Warren  structural  model  of  vitreous  SiO„  and 
with  observed  similarity  of  U.V.  spectra  of  quartz  and 
fused  silica. 

2.  Yields  three  line  OKa  x-ray  spectrum  in  Si09  with 
each  line  having  equal  intensity,  as  opposed  to  observed 
two-line  spectrum  with  lines  having  intensity  ratio  of 
about  3:1. 


1 


EXTENDED  HUCKEL  THEORY  (EHT ) 

1.  Does  not  appear  suited  to  describing  exciton 
transit  ion . 

2.  Gives  fairly  good  semiquant itat ive  agreement  with 
observed  energy  level  and  e 2-vs-f requency  curves. 

3.  Yields  unrealistic  ionic  eigenfunctions  for  Si02 
due  to  lack  of  self  consistency. 

4.  Energy  level  separation  of  0  2p  orbitals  inconsistent 
with  OKa  x-ray  emission  data. 


N0N1IYBRID  MOLECULAR  ORBITAL  MODEL  (NHMO) 

1.  Uses  nonhybrid  0  valence  orbitals. 

2.  Associates  first  peak  in  U.V.  spectrum  with  atomic- 
like  exciton  transition  involving  lone  pair  orbitals. 

3.  Predicts  that  first  peak  is  virtually  independent  of 
nature  of  short  range  order,  i.e.  Si04  tetrahedra. 

4.  May  have  difficulty  agreeing  with  both  U.V.  and 
OKq  x-ray  spectra. 
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Fig.  1  -  Experimental  and  theoretical  OKa  x-ray  emission  spectra 
for  SiC^.  Each  graduation  on  the  relative  energy  scale  represents 
5  eV,  with  the  energy  increasing  from  left  to  right.  The  smooth 
curve  is  the  experimental  result  of  Ershov  and  Lukirskii  (Ref.  16). 
The  two  solid  vertical  bars  represent  the  result  of  the  valence 
bond  model  (VBM)  described  in  the  text,  with  the  heights  of  the 
bars  representing  the  calculated  relative  intensities  of  the  two 
lines.  The  three  dotted  vertical  lines  represent  the  result  of  the 
hybrid  molecular  orbital  model  (HMO). 


112 


5 


\ 

\ 

\ 

• 

/ 

/ 

/ 

i 

I 

I 

I 


sb3 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 


nonbonding 

bonding 


Fig.  2  -  Illustration  of  the  energy  level  shifts  assoeiated  with  the  bonding 
orbitals  in  SiC^  in  a  simple  nonhybrid  molecular  orbital  model.  On  the  far 
left,  the  one  electron  energies  as  given  by  Herman  and  Skillman15  for  the 
Si  3s  and  3p  and  the  O  2p  orbitals  are  represented  by  the  three  horizontal 
lines.  At  the  center  is  represented  the  one  electron  energy  of  the  Si  sp3 
hybrid  orbitals,  whose  value  was  calculated  from  those  of  the  3s  and  3p 
orbitals  by  the  method  described  in  the  text.  The  one  electron  energies 
for  the  Si  sp:?  hybrid  orbitals  and  the  O  2p  orbitals  differ  by  about  6  eV  for 
the  free  atoms.  On  the  right,  these  combine  to  form  a  single  level  asso¬ 
eiated  with  a  Si  -O  bond.  Since  the  bond  strength  is  about  7.9  eV,  the  top 
level  is  lowered  by  about  7  eV  and  the  bottom  lowe  red  by  about  1  eV  in 
order  to  produce  this  bond  strength,  since  the  net  change  in  these  one 
electron  energies  equals  the  bond  strength  in  this  simple  approximation. 
The  energy  separation  between  the  bonding  and  non-bonding  O  2p  one 
electron  energies  in  Si02  is  represented  by  A  is  the  illustration,  and  is 
about  1  eV.  This  is  the  energy  separation  between  peaks  which  this  model 
would  predict  for  the  OKa  x-ray  spectrum,  and  it  is  much  smaller  than 
the  observed  value  of  7  eV. 
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ESR  STUDIES  OF  RAD I AT I  ON -DAMAGE 
AND  STRUCTURE  IN  OXIDE  GLASSES: 

A  CONTEMPORARY  OVERVIEW  WITH 
ILLUSTRATIONS  FROM  THE  ALKALI  BORATE  SYSTEM 

D.L.  Griscom 


ABSTRACT 

Electron  spin  resonance  (ESR)  is  a  particularly  power¬ 
ful  method  for  identifying  and  characterizing  radiation-in¬ 
duced  defects  in  oxide  glasses.  This  paper  reviews  the 
fundamental  principles  and  the  present  state  of  the  art  in 
applying  ESR  techniqurs  to  vitreous  materials.  A  wide 
variety  of  generic  defect  types  are  discussed  in  some  detail 
by  means  of  examples  from  the  alkali  borate  system.  Proba¬ 
ble  analogs  in  other  ox.de  glasses  are  pointed  out.  Special 
emphasis  is  placed  on  the  kinds  of  structural  information 
which  can  be  obtained  from  these  studies. 


I.  INTRODUCTION 

The  study  of  radiation  damage  in  vitreous  systems  is  of 
interest  for  two  basic  reasons:  (1)  An  understanding  of 
the  nature  of  the  damage  can  lead  to  fabrication  of  materi¬ 
als  in  which  deleterious  effects  of  radiation  can  be  mini¬ 
mized  or  the  favorable  effects  can  be  maximized,  and  (2) 
caret ul  study  of  defect  states  (trapped  electrons  or  holes) 
can  elucidate  certain  structural  aspects  of  the  glassy  state 
which  could  not  be  studied  conveniently  by  other  means. 

The  first  step  of  any  such  investigation  must  entail  the 
identification  of  the  various  defect  states  which  are  in¬ 
duced  by  energetic  radiations.  The  technique  of  electron 
spin  resonance  (ESR)  is  proving  to  be  the  most  powerful 
tool  for  effecting  such  identifications.  The  present  paper 
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is  a  x-eview  of  the  types  of  radiation  defects  which  have 
been  identified  by  ESR  in  oxide  glasses,  with  emphasis  on 
the  types  of  structural  information  which  have  been  derived. 
In  looking  to  the  alkali  borates  for  examples,  the  author 
has  afforded  himself  the  luxury  of  drawing  heavily  upon  his 
own  work.  It  will  be  seen  that  this  will  entail  no  loss  of 
generality,  for  there  is  ample  evidence  that  analogous  de¬ 
lects  are  (or  in  principle  could  be)  induced  in  most  other 
common  oxide  glass  systems.  While  many  of  these  analogs 
will  be  mentioned  explicitly,  no  pretense  of  completeness 
is  made.  The  reader  wishing  a  more  comprehensive  guide  to 
the  appropriate  literature  is  referred  to  several  excellent 
reviews  on  the  general  subject  of  radiation-induced  defects 
in  glasses.  >2 


II.  DEFECT  STRUCTURE  IN  RELATION  TO  GLASS  STRUCTURE 

Figure  1  presents  a  schematic  view  of  an  oxide  glass, 
here,  a  three-dimensional  random  network,  consisting  of  net¬ 
work  forming  metal  atoms  covalently  bonded  to  oxygens,  is 
portrayed  as  a  stylized  two-dimensional  structure  in  some¬ 
what  the  usual  manner. 3  It  should  be  understood  by  this 
diagram  that  when  four  oxygens  surround  the  network  former, 

R,  R  ,  or  R  they  are  in  a  tetrahedral  arrangement  with  the 
network  former  at  the  center.  Silicon  is  always  tetrahe- 
drally  coordinated,  except  when  there  is  an  oxygen  vacancy 
as  in  Fig.  la.  Such  oxygen  vacancies  result  in  positively 
charged  "point  defects"  which  may  trap  electrons.  When 
R  Si,  this  trapped  electron  center  is  the  E'  center,1  and 
ESR  evidence^  has  shown  the  wavefunction  of  the  unpaired 
spin  to  look  something  like  the  dashed  "balloon''  at  the 
bottom  of  Fig.  lb. 

When  glasses  are  prepared  using  B2C>3 ,  PgCL  ,  GeOg ,  or 
A1„0  as  constituents,  other  situations  can  and  do  occur. 
Most  of  these  may  still  be  discussed  within  the  framework 
of  Fig.  1  if  appropriate  conceptual  allowances  are  made. 

For  example,  boron  is  frequently  in  tetrahedral  coordination 
in  complex  oxide  glasses,  although  it  also  occurs  in  planar 
triangular  units.  (The  relative  numbers  of  borons  ccjrdi- 
nated  three  and  four  can  be  ascertained  by  nuclear  magnetic 
resonance.  )  Since  boron  has  just  3  valence  electrons, 
when  H  is  found  in  4 -coordination  it  lias  gained  another 
electron  from  another  source  (usually  a  network  modifying 
cation,  as  discussed  below).  The  same  is  true  of  aluminum. 
Thus,  if  Rr  =  B  or  A1  in  Fig.  1,  the  tetrahedral  complex 
(R  )0  may  be  looked  upon  as  a  negat ive  point  defect  when¬ 
ever  it  should  be  isolated  from  a  charge -compensat ing 
interstitial  cation  (the  network  modifier,  again).  Such 
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trapped  hole  center  could  not  be  other  than  that  indicated 
at  the  top  ol  Fig.  lb. 


Another  type 


ol  electron  trap  can  result  when  R^ 


has 

the  same  valency  as  R,  but  a  greater  electron  afinitv  An 
example  I.  when  Oct-Rj)  ^^TcHTni  1  bonding  orbl- 
iil'  7'l'lTne<1  stability  of  such  a  center  would  be  increased  by 

di  fiuse^  t^dif  ferent'posit  ions  following0 low°temperature 
irradiation  and  subsequent  warming  thereby  stabilizing 
otherwise  weakly  trapped  species.1-7  Ibis  situation 
illustrated  in  Fig.  1. 

ijterstitial 

ssm  raf  g“ 

Elions  8  The  anti -morph  to  the  cation  electron  trap  is 
t‘ho  anion  hole  trap.^  Altto^interst 

borate'1  glassed  ’  are  prepared  with  alkali  halide  additions 
the  halide  ions  take  up  interstitial  positions  and  are  often 
ellecUve  hole  traps.  These  effects  will  be  discussed 
further  in  later  sections. 
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III.  ESR  LINE  SHAPE  ANALYSIS 


A .  Overview 

Crucial  to  identifying  any  of  the  defect  sites  des¬ 
cribed  above  is  a  careful  analysis  of  the  experimental  ESR 
spectra,  utilizing  the  correct  theory  and  the  appropriate 
experimental  "tricks"  and  computational  tools.  A  "flow 
diagram"  illustrating  a  typical  approach  to  this  problem  is 
given  in  Fig.  2.  Many  of  the  steps  shown  here  can  them¬ 
selves  do  broken  up  into  substeps.  For  instance,  the  step 
"observe  induced  ESR  spectra"  should  include  frequency-de¬ 
pendence  studies  which  themselves  may  be  every  bit  as 
valuable  as  isotopic  substitution  when  it  comes  to  confirm¬ 
ing  the  operating  hypothesis.  Even  more  important,  the  step 
"infer  proper  terms  in  relevant  spin  Hamiltonian"  presumes 
that  the  experimenter  has  some  feeling  for  ESR  "powder 
patterns"  and  how  they  are  related  to  the  spin  Hamiltonian. 
The  powder -pat tern  concept  was  originally  elucidated  by 
Sands^  in  1955,  and  since  then  numerous  contributions  on 
the  subject  have  been  scattered  throughout  the  literature. 

A  forthcoming  review  article^  will  be  useful  in  unifying 
the  latest  developments.  Introductions  to  the  spin  ,g,-. 

Hamiltonian  formalism  are  provided  in  many  standard  texts. 
Finally,  the  techniques  of  computer  simulating  ESR  spectra 
of  glasses  have  been  described  from  several  points  of 
view,  0-22  and  program  listings  and  user's  manuals  have  been 
made  available  upon  request  (c.f.,  refs  20  and  21). 

For  the  general  reader  wishing  to  understand  something 
of  the  results  of  ESR  studies  of  irradiated  glasses  without 
consulting  all  of  the  original  source  material,  the  follow¬ 
ing  simplified  discussion  is  provided. 

B .  The  Spin  Hamiltonian 

The  spin  Hamiltonian  is  an  expression  for  the  energy 
of  the  particular  electron  or  hole  whose  ESR  is  to  be  ob¬ 
served.  It  is  composed  of  a  number  of  terms  including  the 
Zeeman  interaction  (the  interaction  of  the  electron  mag¬ 
netic  moment  with  the  laboratory  applied  magnetic  field), 

L lie  hyperfine  interaction  (the  interaction  of  the  electron 
magnetic  moment  with  the  magnetic  moments  of  nearby  nuclei), 
and  various  other  terms  which  won't  be  enumerated  here.  The 
crux  of  any  ESR  problem  is  to  single  out  all  of  those  terms 
which  significantly  affect  the  observed  spectrum  and  to 
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ignore  those  which  don't.  As  it  turns  oat,  the  essential 
aspects  ol'  all  of  the  spectra  to  be  described  in  the  follow¬ 
ing  sections  derive  from  the  Zeeman  and  hyperfine  inter¬ 
actions  only.  For  the  Zeeman  interaction,  there  are  just 
three  parameters  to  be  determined  experimentally;  these  are 
the  three  principal  components  of  the  "g  tensor",  gxx ,  g  , 
and  g,  .  (II  no  "crystal"  coordinate  system  has  been  de^- 
1  ined^‘Z these  quantities  are  sometimes  written  g^  g2  ,  ar.d 
g  ).  The  "g  values"  are  dimensionless  numbers,  but  they  are 
directly  associated  with  particular  values  of  magnetic  field 
according  to 


where  ii  is  Planck's  constant ,  v  is  the  spectrometer  fre¬ 
quency,  ii  is  the  Bohr  magneton,  and  H  is  the  magnetic  field 
value  to  be  associated  with  g.  By  means  of  Eq.  (1),  a  g 
value  can  be  defined  for  any  value  of  H.  However,  one 
should  not  lose  sight  of  the  fact  that  there  are  only  three 
values  of  1!  which  correspond  to  the  three  principal  values 
of  t  lie  g  tensor. 

there  are  also  three  parameters  associated  with  the 
hyperfine  interaction  for  each  magnetic  nucleus  interacting 
with  the  electronic  "spin":  these  are  the  coupling  constants 
A  ,  A  ,  and  A  (or  A  ,  A2,  and  A^ ) .  Strictly  speaking, 
l fie se  KXve  dimefi§ions  or  energy,  but  it  is  common  practice 
to  quote  "A  values"  as  magnetic  fields.  When  tiiis  is  done, 
It  should  be  understood  that  the  quoted  numbers  arc  really 
A./g.j  (asstuning  the  principal  axes  of  the  A  and  g  tensors 
afo  ioparallel,  as  it  is  usually  done  in  the  absence  of  any 
evidence  to  t he  contrary). 

C .  The  Resonance  Condition 

The  reasons  that  all  relevant  parameters  have  a  ten¬ 
dency  to  be  converted  to  magnetic  fields  is  the  fact  that 
these  parameters  can  often  be  scaled  directly  from  an  ex¬ 
perimental  spectrum,  which,  after  all,  is  a  plot  of  ab¬ 
sorption  (or  more  commonly  the  first  derivative  of  ab¬ 
sorption)  versus  magnetic  field.  Indeed,  while  knowledge 
of  the  spin  Hamiltonian  is  very  useful  for  getting  at  the 
physics  of  the  problem,  ESR  spectral  analysis  cannot  pro¬ 
ceed  without  knowing  the  "resonance  condition"  -  an  ex¬ 
pression  which  gives  the  magnetic  field  at  which  resonance 
oee nr s  as  a  1 unc  t ion  of  ,  g ^ ,  g2  »  tto  >  ,  ^2 '  ^3 '  ^ 

nuclear  magnetic  quantum  number  nu  ,  and  trie  polar  angles  of 
t  lie  direction  of  the  applied  field  with  respect  to  the 
principal  axes  of  the  g  and  A  tensors.  The  resonance  con- 
diiion  derives  from  f he  spin  Hamiltonian,  but  is 


118 


qualitatively  a  different  thing.16-19  In  certain  simple 
cases  the  resonance  condition  may  be  derived  exactly.  An 
example  is  the  case  when  the  spin  Hamiltonian  consists  of 
the  Zeeman  term  only: 


K  =0[g  (S  H  +S  H  )+gnS  H  1 
z  K  x  x  yy  zz 


(2) 


16 

For  this  case  the  resonance  condition  is  derived  to  be 


= 

res  ZTd)0 


(3) 


where 


g(0)=(g||  cos  0+g 


2  .  2a  N 1/2 
sm  0 ) 
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and  0  is  the  angle  between  the  direction  of  the  applied 
field  and  the  symmetry  axis  of  the  g  tensor. 

An  exact  resonance  condition  can  also  be  derived  when 
the  spin  Hamiltonian  consists  only  of  a  Zeeman  term  and  the 
symmetry  is  orthorhombic.  However  when  the  hyperfine  inter¬ 
action  is  added,  perturbation  theory  must  be  applied.  To 
first  order  in  perturbation  theory  the  resonance  condition 
for  orthorhombic  g  and  hyperfine  tensors  is2** 


H 


h 

res  g  0 


i  -  ™i  <ir) 


(4) 


where 


99  99  29  91/9 

g  =  [g/?T  cos^0  +  (gxx  cos  Ofgyy  Sin  o)sin  0", 
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A“  rg.,„  A„„  cos  0+  (gxx  Axx  cos  ogyy  Ayy  sm  o)sin  01  /g  . 
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0  and  o  are  the  polar  angles  of  the  magnetic  field  direction 
with  respect  to  the  principal  axes  of  the  g  and  hyperfine 
tensors,  and  m^  is  the  nuclear  magnetic  quantum  number.  All 
of  the  results1 to  be  presented  in  the  following  sections  are 
well  described  by  Eq .  (4),  although  small  but  important 
improvements  are  sometimes  obtained  by  appending  second- 
order  hyperfine  terms . 9 , 16-19 ,23 


119 


D.  The  Powder  Pattern: 


11  l ho  specimen  being  investigated  wore  a  single  crys¬ 
tal,  the  angular  dependence  of  the  resonance  lines  could  be 
fitted  by  a  resonance  condition  such  as  Eq .  (3)  or  Eq.  K;. 
But  ii  this  same  crystal  were  to  be  ground  into  a  fine  pow¬ 
der,  the  individual  crystallites  would  describe  all  possible 
orientations  with  the  applied  magnetic  field,  and  the  var¬ 
ious  resonance  lines  would  be  "smeared  out"  between  certain 
limiting  field  values  derivable  from  the  resonance  condition. 
The  resulting  absorption  curve  is  known  as  a  "powder  pat¬ 
tern".  Powder  patterns  are  easily  generated  on  a  computer 
by  calculating  the  resonance  condition  for  each  of  a  large 
number  of  orientations  corresponding  to  a  uniform  grid  in 
cos  9-o  space  (equal  units  of  solid  angle)  and  histo- 
gramming  the  results  on  a  magnetic  field  scale.  1 


The  powder  pattern  pertaining  to  the  simple  resonance 
condition  of  Eq .  (3)  is  shown  in  Fig.  3a.  Experimentally, 
one  generally  observes  the  first  derivative  of  absorption. 
The  noisy  curve  in  Fig.  3b  is  an  experimental  (first  deriv¬ 
ative)  powder  spectrum  for  a  species  characterized  by  a 
axial  g  tensor  (0~  in  Na  0  ).2<1  The  smooth  curves  in  Fig. 
31).  including  t  he“mathemat  ical  divergences  (arrows)  repre¬ 
sent  the  first  derivation  of  the  powder  pattern  of  Fig.  3a. 
'flic  "discrepancy"  in  Fig.  3b  is  only  apparent;:  The  way  in 
which  the  powder  pattern  was  determined  involved  the  (un- 
physical)  assumption  that  the  "single-crystal"  linewidth 
was  zero.  When  the  computer  is  asked  to  convolute  the  pow¬ 
der  pattern  of  Fig.  3a  with  a  Lorentzian  single-crystal 
broadening  function  of  an  appropriate  width,  a  computed 


derivative  spectrum  can  be  obtained  which  overlays  the  ex¬ 
perimental  spectrum  exactly.  Thus,  using  the  computer  simu 
lation  technique  as  a  confirmation,  the  principal  g  values, 
g  g  ,  ,  can  be  determined  accurately  from  this  powder 
spec  t rum . 


The  question  is  frequently  asked,  how  unique  are  the 
computer  simulation  methods?  For  this  there  is  no  simple 
answer,  since  ever1'  problem  is  different  in  one  aspect  or 
another.  However,  it  has  been  the  author's  experience  that, 
whenever  a  truly  convincing  computer  fit  is  made  to  a  pow¬ 
der  spectrum  which  has  some  distinctive  characteristic  fea¬ 
tures,  it  lias  involved  a  very  critical  choice  of  spin 
Hamiltonian  parameters--at  least  some  of  which  could  not  be 
varied  by  more  than  a  few  percent  without  degrading  the  fit. 
It  may  be  further  remarked  that  the  functional  form  of  t  lie 
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resonance  condition  is  strictly  prescribed  by  theory  and 
hence  is  not  subject  to  capricious  tampering  by  the  experi¬ 
menter.  Thus,  trying  to  computer  fit  an  experimental  spec¬ 
trum  with  the  wrong  theory  is  tantamount  to  trying  to  "fit 
a  square  peg  in  a  round  hole".  Of  course  some  ambiguities 
do  arise,  and  the  careful  experimenter  will  be  aware  of 
these.  For  instance  a  ferromagnetic  substance  with  an  iso¬ 
tropic  g  value  and  an  axial  magneto-crystalline  anisotropy 
would  also  yield  a  spectrum  identical  to  that  of  Fig.  3.  ° 
However,  this  possibility  can  be  eliminated  by  obtaining 
spectra  at  two  frequencies:  For  the  ferromagnetic  case  the 
overall  linewidth  is  frequency  independent  while  for  the 
paramagnetic  case  the  field  separation  between  g||  and  g± 
varies  linearly  with  _  (see  Eq.  1).  Farther  remarks  on  the 
accuracy  of  computer-simulation  techniques  in  extracting 
spin  Hamiltonian  parameters  from  powder  spectra  are  pre¬ 
sented  in  Ref.  21. 

F .  The  Difference  Between  a  Powder  and  a  Glass:  The 
Effect  of  Statistical  Variations  in  Spin  Hamiltonian 


Parameters 


The  paragraphs  immediately  preceeding  have  described 
the  angularly  averaged  ESR  spectra  which  result  when  a  sin¬ 
gle  crystal  specimen  is  ground  to  a  fine  powder.  When  the 
sample  is  a  glass  --  even  a  single  fragment  —  the  very 
same  angular  averaging  will  take  place.  The  difference  be¬ 
tween  a  powder  pattern  and  a  "glass  pattern"  derives  from 
certain  forms  of  microscopic  randomness  which  distinguish 
vitreous  materials  from  fine  crystalline  powders.  Regard¬ 
less  of  whether  one  espoui  s  the  random  network  theory3  or 
the  crystallite  theory3  of  the  glassy  state,  it  is  an  in¬ 
escapable  conclusion  that  there  must  be  some  statistical 
variations  in  bond  lengths,  bond  angles,  cation  distribu¬ 
tions,  and  so  on.  Statistical  variations  in  these  quantities 
lead  directly  to  statistical  variations  in  spin  Hamiltonian 
parameters  of  an  ensemble  of  paramagnetic  defects  which  are 
assumed  to  be  randomly  distributed  spatially  in  a  glass. 

This  "ensemble  averaging"  modifies  the  powder  patterns  which 
derive  from  angular  averaging  alone.  Both  effects  can  be 
simulated  by  computational  methods,  as  discussed  in  Ref.  21 
and  illustrated  by  examples  presented  below. 
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IV.  THE  OBSERVED  SPECTRA  AND  THEIR  INTERPRETATIONS 


A 


Oxygen-Associated  Trapped-! lole  Centers 


The  most  commonly  observed  ESR  spectra  in  irradiated 
complex  oxide  glasses  arise  from  oxygen -associated  trapped- 
hole  centers.  Pioneering  studies  of  this  class  of  defects  in 
the  alkali  borate  system  have  been  reviewed  by  Griscom 
laylor,  Ware,  and  Bray~  and  explicit  evidence  that  these 
centers  are  of  the  trapped-hole  type  has  been  given. §>26 
It  has  been  pointed  outz/  that  exact  analogs  of  these 
boron-oxygen  hole  centers"  (BOHC)  probably  occur  in  the 
alkali  silicate  system  an^  in  many  other  oxide  glass  sys- 
ions  as  well  (see  Table  I).-®-'*  As  it  is  beyond  the  stated 
scope  of  this  paper  to  discuss  all  of  the  known  or  suspected 
ana  °g°us  species ,  *  he  basic  .structure  of  the  oxygen-asso- 
BOHC°d  delGCt  Wil1  be  illustrated  by  an  exposition  of  the 


Figure  4a  displays  the  familiar  "f ive-line-plus-a- 
shoulder  spectrum  obtained  at  9  GHz  for  irradiated  alkali 
plass^s  containing  <>  25  molar  percent  alkali  oxide. 

1  s  (b)  and  (c)  of  this  figure  demonstrate  the  conceptual 
‘  Just  deseribed  in  the  proceeding  section  as  applied 

to  the  computer  simulation  of  the  BOHC  spectrum.  Here  it 
may  be  noted  that  a  hyperline  interaction  with  *1b(I-3/2) 
gives  rise  to  four  ove. lapping  powder  patterns  corresponding 

°  S/  0Ul:1'Slu?l0V,M  nuclear  magnetic  quantum  number 
I, ,.  '  ^  2,-3  2).  The  hynerfine  powder  patterns 

oi  fig.  4b  are  determined  from  Eq.  (4),  using  the  values  of 
flb^'  kr3,  Ai>  A2a  ,and  Aq  which  ultimately  provided  the 
jest  computer  fit. 2b  u  js  immediately  evident  that  "bumps" 
due  to  the  four  absorption  "edges"  determined  by  g0  and  Ao 
are  not  apparent  in  the  experimental  spectrum.  This  is  be- 

udrifk  w  r°,  15  5  statistical  distribution  of  g  values  whose 
width  W  is  broader  than,  and  hence  obscures.  tl5e  split  tings 
Ag  (see  Fig.  4c). 

Several  comments,  qualifications,  and  cautions  are  in 
order  vis-a-vis  Fig.  4.  It  first  may  be  noted  that,  due  to 

wm.iH  f1GnCef  a??ne  thc  lour  ^yperfino  powder  patterns,  it 
would  be  virtually  impossible  to  "measure"  g, .  g„  A  and 

A2  without  performing  a  computer  simulation.1  As2it  burned 
out,  the  computer  fit  was  extremely  sensitive  to  these  para- 
meters  thus  the  values  measured  with  computer  assistance 
a  e  highly  accurate. 26  On  the  other  hand,  the  suggested 
stubution  of  go  values  and  t  lie  average  value  oi  Aq  would 
l)e  quite  problematical  were  it  not  for  collateral 
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experimental  evidence  from  frequency -dependence  studies  and 
from  the  investigation  of  polycrystalline  compounds  in  the 
lithium  borate  system.26  Finally,  the  agreement  between 
the  experimental  and  computed  spectra  of  Fig.  4a  is  better 
than  that  shown  in  the  original  publication.  6  Interesting¬ 
ly  enough,  the  improvement  was  made  in  the  exper imental 
spectrum;  the  computed  spectrum  is  the  very  same  as  shown 
in  Ref.  26.  The  explanation,  very  simply  stated,  is  that 
by  irradiating  at  liquid  nitrogen  temperature  and  then 
bleaching  with  IR  light  some  spurious  underlying  resonances 
were  destroyed,  leaving  behind  just  the  spectrum  of  in¬ 
terest.®  >25  Underlying  resonances  are  a  persistent  hazard 
which  can  only  be  overcome  by  bleaching,  annealing,  differ¬ 
ential  microwave  saturation,  and  general  circumspection  on 
the  part  of  the  experimenter. 

Y/hen  glasses  containing  z  40  molar  percent  alkali  oxide 
are  irradiated  and  studied  at  9  GHz,  a  "four -line"  spectrum 
is  observed. As  illustrated  in  Fig.  5,  this  has  been 
computer  simulated  on  the  basis  of  a  spin  Hamiltonian  qual¬ 
itatively  the  same  as  that  used  to  explain  the  "five-line- 
plus-a -shoulder"  spectrum.  This  indicates  that,  appearances 
notwithstanding,  varying  the  composition  of  an  alkali  borate 
glass  over  a  wide  range  probably  does  not  result  in  any 
fundamental  changes  in  the  electronic  structure  of  the  BOHC . 

Knowledge  of  the  spin  Hamiltonian  parameters  g^,  g2 , 
g~  ,  A,,  A„,  and  A„  permit  the  construction  of  physical 
models  for  the  BOHC.  The  ways  in  which  this  analysis  pro¬ 
ceeds  are  discussed  in  detail  by  Griscom,  Taylor,  Ware,  and 
Bray, 26,  The  final  model  for  the  BOHC  arrived  at  in  Ref.  26 
is  almost  certainly  incorrect  however . 27 , 36  The  reasons  for 
this  probable  error  are  rooted  in  the  fact  that  only  the 
absolute  magnitudes  of  the  hyper fine  coupling  constants  are 
determined  experimentally,  while  some  assumptions  must  be 
made  about  the  algebraic  signs  of  these  quantities  when  a 
model  is  formulated.  Adding  to  the  difficulty  is  the  fact 
that  the  exact  correspondences  between  A^,  A2 ,  and  A^  and 
A  ,  A  ,  and  A  are  not  known  a  priori,  leading  to  a 
total  24  physically  distinct  solutions.  It  should  be 
emphasized  that  these  problems  can  be  surmounted.  When  the 
identity  of  the  paramagnetic  defect  is  known  or  suspected, 
most  of  the  competing  possibilities  can  be  eliminated  by 
symmetry  considerations^.^  or  comparisons  with  iso- 

electronic  species  that  are  well  understood.  7  Unfortunate¬ 
ly,  supporting  evidence  of  the  latter  type  was  unavailable 
at  the  writing  of  Ref.  26.  More  recently,  however,  a  B0^“ 
radical  has  been  discovered  in  calcite26  and  in  a  potassium 
borate  ceramic®7  and  its  electronic  properties  have  been 
elucidated  by  the  methods  just  mentioned.  These  studies 


have  shown  that  it  is  possible  for  a  trapped  hole  to  be 
lOOh  localized  in  oxygen  orbitals  while  still  undergoing  a 
hyperline  interaction  of  the  order  of  10  G  with  an  adjacent 
boron  via  the  mechanism  of  core  polarization.  b >2?  On  this 
basis,  Symons26  suggested  that  the  BOHC  is  probablv  a  "hole 
on  a  non-bridging  oxygen."  Griscom,  Taylor,  and  Bray2?  con¬ 
curred  that  this  is  a  reasonable  possibility  but  emphasized 
that  the  model  of  a  "hole  on  a  bridging  oxygen"  is  not 
ruled  out.  Subsequently,  additional  evidence  for  the  actual 
existence  ol  a  bridging-oxygen  type  of  center  was  offered;22 
(see  also  Section  IV  H.,  below,  in  this  contest).  Neverthe¬ 
less,  the  presently  availpble  data  and  theoretical  consid¬ 
erations  support,  but  do  not  decide  between,  the  two  models 
for  the  BOHC  illustrated  in  Figs.  6  and  7.  The  following 
is  a  summary  of  the  basic  considerations  which  point  to 
these  models. 

(1)  The  boron  hyperfine  interaction  is  sufficiently 
small  (~10  G)  as  to  indicate  that  the  hole  is  primarily  lo¬ 
cated  away  from  the  boron. 

(22  Simple  consideration  of  the  known  structural  pro¬ 
perties  »  of  borate  glasses  lead  to  the  conclusion  that 
non-bonding  77  orbitals  on  either  bridging  or  non-bridging 
oxygens  provide  the  lowest  energy  states  for  a  hole  in  a 
boron-oxygen  network.  (Such  a  location  would  be  consistent 
with  observation  No.  1.) 

(3)  Since  the  hyperfine  interaction  is  with  a  single 
boron,  the  model  of  Fig.  6  is  only  allowable  if  R  and  R’ 
aie  different  structures,  i.e.,  if  one  is  a  three-coordin¬ 
ated  boron  and  one  is  a  four -coordinated  boron. 

(4)  Studies  of  the  BO~  ion^>2^  indicate  that  in  at 
least  one  case  a  hole  which  is  100(r  localized  in  n-type 
oxygen  orbitals  can  undergo  a  boron  hyperfine  interaction 
ol  the  proper  order  of  magnitude. 

(5)  The  observed  g  values  can  be  accounted  for  on  the 
basis  of  either  of  the  proposed  models  according  to  rela¬ 
tions  of  the  type.26 


and 


g,  s-  g 

l  free  electron, 
^2  kfree  electron 
^3  Kfree  electron! 


(5a) 


(5b) 


( 5c  ) 
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where  c^  and  c 2  are  constants  of  the  order  0.1-1  calculable 
from  theory , 16-19 ,26  x  is  the  spin  orbit  coupling  constant 
for  the  0  ion  (~0.01  eV)  ,26  and  a  is  the  energy  splitting 
(~-0.2  eV)^®  shown  in  Fig.  6.  (Similar  relations  involving 
A^  and  ^  i-n  place  of  A  apply  to  Fig.  7). 

3  5 

In  view  of  the  structural  differences  ’  between  borate 
and  silicate  glasses  it  seems  possible  that  the  BOHC  may  be 
a  "hole  on  an  oxygen  bridging  between  a  three-coordinated 
boron  and  four  coordinated  boron"  26,27  (Fig.  6)  while  the 
silicate-glass  hole  centers^®  may  be  "holes  on  non-bridging 
oxygens"  (Fig.  7).  As  can  be  seen  in  Figs.  6  and  7,  the 
electronic  structures  of  these  two  defects  would  be  quite 
similar.  Indeed,  if  there  exist  certain  random  electro¬ 
static  "crystals  fields"  which  determine  the  splitting  A> 
and  influence  the  splittings  A.  ,  A,  and  E,  then  the  elec¬ 
tronic  structures  of  the  v  orbitals  would  be  virtually  in¬ 
distinguishable,  notwithstanding  the  different  numbers  of 
o  bonds.  Thus,  the  listing  in  Table  I  may  represent  both 
structural  types  of  defects. 

In  spite  of  the  above  ambiguities,  the  BOHC  may  be 
utilized  as  a  probe  of  borate  glass  structure.  Krogh-Moe39 
has  presented  considerable  evidence  for  the  probable  ex¬ 
istence  in  alkali  borate  glasses  of  structural  units 
characteristic  of  the  crystalline  compounds  which  are  near¬ 
est  on  the  phase-equilibrium  diagram. As  discussed  at 
considerable  length  elsewhere ,26 ,38 ,41  comparisons  of  BOHC 
spectra  of  lithium  borate  and  strontium  borate  polycrystal¬ 
line  compounds  with  those  of  alkali  borate  and  alkaline- 
earth  borate  glasses  lend  strong  support  for  Krogh-Moe 's 
models.  Independent  of  these  models,  the  distributions  of 
^3  va^Ues  indicated  in  Fig.  4c  and  Fig.  5c  are  dramatic 
evidence  of  randomness  in  the  glass  structure.  This  random¬ 
ness  may  result  from  site-to-site  bond  angle  variations26 
(i.e.,  the  R-O-R'  angle  in  Fig.  6)  or  random  "crystal  fields" 
giving  rise  to  a  spread  in  A,  values  in  Fig.  7. 

Dangling-Orbital-Type  Trapped-Electron  Centers 

Perhaps  the  best  known  example  of  a  trapped-electron 
center  in  oxide  glasses  is  the  E'  center4  which  is  common¬ 
ly  observed  in  irradiated  pure  Si02  glass'^ .  However,  the 
concentrations  of  E'  centers  induced  by  a  given  radiation 
dose  at  room  temperature  are  found  to  fall  off  rapidly  with 
the  degree  of  doping  with  alkalis.43  In  general,  complex 
oxide  glasses  irradiated  near  300°K  exhibit  ESR  spectra  due 
to  trapped  hole  centers  (see  above)  with  little  or  no  evi¬ 
dence  of  spectra  due  to  trapped  electrons.  This  brings  up 
the  questions  of  where  the  trapped  electrons  are  residing 
and  why  they  are  not  detected  in  complex  glasses.  Answers 
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to  these  questions  have  been  found  only  recently8,23  by 
x-irradiating  alkali  borate  glasses  in  situ  at  cryogenic 
temperatures  (25  or  77°K)  in  the  dark.  One  of  the  trapped- 
electron  centers  observed  following  this  treatment  has  been 
the  boron  electron  center  of  "BEC”.23  It  will  be  seen  that 
this  is  the  'norate  analog  of  the  E’  center. 

Figure  8  shows  the  BEC  spectra  as  they  appear  in  rela¬ 
tion  to  the  stronger,  centrally-located  BOHC  spectra.  The 
dependences  of  both  resonances  on  boron  isotope  can  be 
noted.  The  BEC  spectra  can  be  destroyed  completely  by 
warming  to  room  temperature  or  by  exposure  to  visible  light, 
while  the  BOHC  spectra  are  reduced  in  intensity  by  only 
50-70';  .25 

As  in  the  case  of  the  BOHC,  the  BEC  spectrum  could  only 
be  analyzed  by  assuming  a  statistical  distribution  of  spin 
Hamiltonian  parameters.  While  for  the  former  case  it  was 
go  which  was  distributed,  for  the  BEC  it  turns  out  to  be 
the  isotropic  part  of  the  hyperfine  tensor,  i.e. ,  A-  = 

(A  -  2A,  )/3.  The  effect  of  a  rather  broad,  bell-shaped 
distribution  of  A.  values  is  illustrated  diagrammat ically 
in  Fig.  9.  To  test  this  hypothesis  and  to  provide  accurate 
measurements  of  other  spin  Hamiltonian  parameters,  mutually 
consistent  computer  simulations  were  carried  out  for  the 
BEC  spectrum  in  both  Hb-  and  l^B-enriched  samples  using 
Kq.  (4)  (plus  second  order  hyperfine  terms.)23  The  results 
which  are  shown  in  Figs.  10  and  11  confirm  the  model  and 
demonstrate  the  power  of  both  the  isotopic-substitution  and 
computer  simulation  techniques. 

Once  again,  accurate  determinations  of  spin  Hamiltonian 
parameters  permit  the  formulation  of  a  detailed  model  for 
the  paramagnetic  defect  in  question.  The  measured  parame¬ 
ters  are  given  in  Table  II.23  The  fact  that  <giso>  is 
smaller  than  the  f ree-electron  g  value  (g  =  2.0023)  is  an 
indication  that  the  BEC  is  indeed  an  electron-type  center; 
more  substantial  evidence  for  this  conclusion  is  given  in 
Ref.  23.  If  one  makes  the  (ultimately  justifiable)  as¬ 
sumption  that  the  wavef unction  ifrof  the  trapped  electron  has 
axial  symmetry,  it  follows  from  elementary  theory23 *^4  that 
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where  I  (u|2s>|2  and  |(Cl2p>|2  are  the  densities  of  the  un¬ 
paired  electron  in  boron  2s  and  2p  atomic  orbitals,  re¬ 
spectively.  Here,  A,  and  A  are  the  s-state  and  p-state 
coupling  constants  f8r  atomic  boron  as  determined  from 
theory  or  gas  phase  spectroscopy.  Values  for  these  param¬ 
eters  found  in  the  literature1® >34 *44  vary  by  as  much  as 
25',;  one  set  which  falls  approximately  in  the  middle  of  the 
range  is44 

Ag(atomic  ^B)  =  835  G 


and 

A  (atomic  ^B)  =  19.6  G. 

P 

Using  these  numbers  in  Eqs .  (6)  and  (7)  along  with  the 
appropriate  quantities  from  Table  II,  one  calculates 


!(u|2sn>|2  =  0.13 


and 

o  <!<li!2pB)!2  <  0.51. 

Thus  it  is  seen  that  the  unpaired  electron  of  the  BEC  is 
considerably  more  localized  on  a  boron  nucleus  than  is  the 
unpaired  spin  of  the  BOHC  (Table  I).  Any  model  for  the 
BEC  is  constrainef  to  reflect  this  localization. 

One  suitable  model  is  the  dangling-orbital-type  defect  , 
e.g.,  the  E’  center.4*42  Another  possibility  is  an  electron 
trapped  in  a  boron-oxygen  antibonding  orbital  in  the  manner 
of  the  substitutional  boron  defect  in  BeO.44  On  the  basis 
of  a  number  of  considerations33  the  Author  has  concluded 
that  the  BEC  is  most  likely  an  electron  trapped  in  a  dang¬ 
ling  boron  orbital  at  the  site  of  an  oxygen  vacancy.  While 
this  type  of  wave-function  is  conventionally  thought  to  be 
nonbonding,  the  possibility  of  its  involvement  in  a  weak 
three-electron  bond  with  an  alkali  ion  has  not  been  ex- 
c luded . 23 

If  the  oxygen  vacancy  should  be  at  the  site  of  a  boron 
which  had  been  four-coordinated,  the  steric  picture  of  the 
BEC  would  be  the  same  as  that  for  the  E’  center4*43  and 
certain  oxygen-vacancy  centers  in  phosphates,43  i.e.,  that 
shown  in  Fig.  12.  It  is  noteworthy  that  the  energy  E,  which 
defines  the  closest  lying  excited  states,  is  of  the  order  of 
3-4  e\.  3  Thus  the  g  siiift  ,  which  is  generally  proportional 
to  A/E  (Eqs.  5),  is  expected  to  be  small  and  this  is  what  is 
observed  (Table  II).  If  the  oxygen  vacancy  should  be  at  tie 
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site  of  a  boron  which  had  been  three-coordinated,  a  similar 
energy  level  scheme  would  result,  except  there  would  be  one 
less  B-0  bond  and  the  symmetry  of  the  defect  structure 
would  be  C2y  with  the  dangling  orbital  lying  along  the 
symmetry  axis. 

The  BEC,  like  the  BOHC ,  serves  as  a  novel  probe  ol 
borate  glass  structure.  A  dramatic  illustration  of  this 
tact  is  provided  by  Fig.  13,  which  shows  that  (A iso  01 
the  BEC  is  sensitive  both  to  the  type  and  to  the  quantity 
of  alkali  present.  The  former  sensitivity  supports  the 
suggestion  that  an  alkali  ion  may  be  bonding  to  the  defect 
boron,  although  other  explanat 1 ons23  are  equally  plausable^ 
However,  the  interpretation  of  the  sharp  drop  in  (A^so  be¬ 
tween  15  and  25  molar  alkali  oxide  seems  less  ambiguous. 
While  this  behavior  does  not  appear  to  correlate  with  either 
t no  "boric-oxide  anomaly"J  or  the  fraction  ol  borons  in 
four-coordination5,  it  corresponds  nicely  with  the  change- 
over  from  pentaborate  groups  to  triborate  groups  postulated 
bv  Krogh-Moe'*®  to  take  place  in  this  composition  range. 

The  Author  has  hypothesized2^  that  the  BEC  is  an  oxygen 
vacancy  on  the  periphery  of  an  otherwise  intact  boron-oxvgen 
ring  structure  (c.g.,  a  pentaborate  group  or  a  triborate 
group),  with  the  electron  trapped  in  the  dangling  boi on 
orbital  at  the  vacancy  site.  The  relative  proportions  ol 
boron  2s  and  2p  states  in  the  defect  wavefunction  would  then 
be  dependent  on  the  coordination  number  and  bond  angles  at 
the  apex  boron.  The  ensemble  distribution  ol  those  bond 
angles  would  be  responsible  for  the  observed  distribution  ol 
Aiso  values  (Table  Had  Fig.  9). 

C ,  Alkali -Associated  Trapped -Elec Iron  Centers 

When  the  BEC  population  is  compared  with  the  BOHC  pop¬ 
ulation  by  numerical  integration  techniques,  it  is  found 
that  the  BEC  can  account  for  only  15k 10b  of  the  trappe 
electrons  in  the  temperature  range  20-100  K  and  none  ol  the 
trapped  electrons  at  room  temperature.  At  temperatures 
<  77°K  it  now  appears  that  the  majority  ii  not  all.  01  me 
remaining  electrons  are  trapped  on  alkalis  or  alkali 
"clusters"  in  sodium  and  potassium  borate  glasses.  L‘lu 

be  induced  that  similar  trapping  sites  are  ef fective  in 
other  alkali  and  alkaline-earth  borate  or  silicate  glasses. 

The  fundamental  ESR  evidence  of  alkali-associated 
trapped-e lectron  centers  is  illustrated  in  Fig.  14.  ‘ere 
are  displayed  the  X-band  F.SR  spectra  for  some  alkali  boiatc 
glasses  containing  30  molar  %  alkali  oxide.  At  this  com¬ 
position  the  BEC  spectrum  is  relatively  weak  compared  with 
all  other  principal  spectral  features.  Curve  No.  1  in  g •  • 

14  pertains  to  a  l0B-enriched  potassium  borate  glass  which 
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was  "annealed"  at  room  temperature  after  irradiation  at 
77oK.  Curve  No.  2  shows  the  high-field  "edge"  of  this  same 
spectrum  as  obtained  at  25X  gain.  Curve  No.  3  shows  the 
high-field  "edge"  for  the  same  glass  at  25X  gain  be! ore 
annealing.  The  general  shape  and  position  of  curve  No.  3 
was  found  to  be  relatively  insensitive  to  ooron  isotopic 
substitution.  However,  a  glass  containing  sodium  oxide  in 
place  of  potassium  oxide  exhibited  curve  No.  4,  when  ex¬ 
amined  at  SOX  relative  gain. 

The  positions  of  the  "edges"  defined  by  curves  Nos. 

3  and  4  of  Fig.  14  are  displaced  from  the  free  electron  g 
value,  g  ,  by  amounts  virtually  equal  to  1/2  of  the  puo- 
lislied  values18  for  the  atomic  s-state  hyperfine  coupling 
constants  for  potassium  and  sodium,  respectively.  Ibis  lact 
suggests  that  these  "edges"  and  their  low-field  counterparts 
arise  from  a  class  of  defects  involving  unpaired  electionic 
spins  localized  in  potassium  and  sodium  s-state  atomic 
orbitals . 

The  suitability  of  this  hypothesis  has  been  tested  by 
computer  simulation  techniques.8  Figure  15  shows  several 
attempts  to  computer  fit  the  high-field  "edge"  observed  in 
the  potassium  borate  glass.  Due  to  the  overlapping  low- 
field  "tail"  of  the  central  B011C  resonance,  the  simulations 
are  not  expected  to  fit  in  the  low-field  region,  although  a 
"successful"  simulation  is  required  to  fall  inside  ol  the 
experimental  envelope.  The  computed  spectrum  lor  the  di¬ 
potassium  molecular  ion  (Kij)  fails  on  the  latter  count,  in 
addition  to  providing  a  poor  fit  to  the  high  field  "edge". 
(In  carrying  out  each  of  the  simulations,  the  g  values, 
"single-crystal"  linewidths,  and  distribution  of  A.  values 
were  "juggled"  in  an  effort  to  optimize  the  fit.)  It  can  be 
seen  that  the  four-potassium  complex  (K^  )  with  7 Oft  of  the 
unpaired  spin  density  equally  distributed  in  the  four  atomic 
4s  orbitals  appears  to  provide  the  best  fit,  with  a  value  of 
<gis0>  <gQ.  The  latter  inequality  is  in  agreement  with 
expectation  for  centers  of  the  trapped-electron  type. 

Figure  16  illustrates  a  computer  fit  of  the  broad  spec¬ 
trum  in  a  high-sodium  glass,  assuming  70ft  of  the  spin  den¬ 
sity  is  distributed  equally  among  6  sodium  3s  orbitals.  An 
improved  fit  probably  could  have  been  obtained  by  admixing 
smaller  contributions  due  to  complexes  of  fewer  sodium  ions 
along  with  a  small  DEC  contribution.  Again,  the  average  g 
shift  is  negative.  (The  fact  that  the  computed  derivative 
curve  crosses  the  baseline  to  the  low  field  "o  is 

due  to  second  order  hyperfine  ef f ects ) . 9 > 17 > 16 


The  reader  may  justifiably  question  the  significance 
of  assuming  that  "7 0%"  of  the  trapped  electron  is  located 
m  alkali  s-state  orbitals.  The  reasoning  behind  this  ad¬ 
mittedly  arbitrary  choice  is,  first,  that  the  true  value 
should  be  ^  100%  ,  since  some  fraction  of  the  density  is 
probably  in  alkali  p-states  or  elsewhere  and,  second,  that 
a  number  <  50%  seems  physically  improbable  and,  at  any  rate, 
leads  to  poor  computer  fits.**  As  discussed  in  Ref.  8,  the 
numbers  of  alkalis  estimated  to  be  involved  in  the  alkali - 
associated  electron  centers  of  Figs.  15  and  16  are  pro¬ 
portional  to  the  square  of  the  fractional  spin  density 
assumed  to  be  in  alkali  s-states.  Thus,  if  one  believes 
1006  of  the  spin  density  to  reside  in  these  states,  the  best 
fits  of  Figs.  15  and  16  would  correspond  to  8  potassiums 
and  12  sodiums,  respectively,  instead  of  \  and  6. 

Numerical  integrations  of  the  best -fit  curves  of  Figs. 
15  and  16  were  carried  out  and  compared  with  the  integrated 
intensities  of  the  "central"  resonances.  It  was  found  that 
the  long-dashed  curves  of  these  figures  represent  inten¬ 
sities  which  are  ~  1/3  and  ~  2/3  as  great  as  the  respective 
"central'  resonances.  Thus,  at  least  in  the  sodium  borate 
case,  the  majority  of  the  trapped  electrons  at  77°K  have 
been  accounted  for.  The  Author  lias  argued8  that  the  re¬ 
maining  trapped  electrons  in  these  glasses  (and  most  of 
those  in  lithium  borate  glasses)  give  resonances  which 
underlie  the  central  B0I1C  spectrum  or  else  they  are  trapped 
in  pairs  and  hence  give  no  resonances  at  all. 


The  structural  information  to  be  derived  from  ESR 
studies  of  alkali  associated  centers  relates  to  the  apparent 
"clustering"  of  the  alkali  ions.  While  considerable  work 
remains  to  be  done  to  elucidate  this  effect,  the  present 
evidence8  suggests  that  "cluster"  sizes  are  influenced  by 
radiation  exposure  and  subsequent  thermal  and  bleaching 
histories.  The  lower  activation  energy  for  diffusion  of 
the  smaller  lithium  ions  is  probably  responsible  for  the 
present  inability  to  observed  lithium-associated  centers  by 
ESR  means.  Although  optical  studies  are  outside  the  scope 


of  this  review,  it  is  noted  that 
dueed  band^8»4/  in  the  range  1.5 


the  familiar  radiation  in- 
-  2.4  eV  appears®  to  be 


due  to  alkali  -assoc iated  trapped-electron  centers  whose  ESR 


spectra  can  be  observed. 


Interstitial-Proton  Trapped-Electron  Centers 


Virtually  all  oxide  glasses  that  have  not  been  de¬ 
liberately  prepared  "water  free"  contain  varying  amounts  of 
Oil  groups  and  interstitial  protons.  When  these  glasses  are 
irradiated  at  cryogenic  temperatures,  an  almost  inevitible 
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result  is  the  formation  of  some  paramagnetic  atomic  hydrogen 
by  electron  trapping  at  the  protons.  The  consequent  hyper - 
line  doublets,  split  by  ~500  G,  are  in  clear  evidence  in 
figs.  10,  11  and  16.  A  discussion  of  the  atomic -hydrogen 
defect  in  fused  silica  has  been  given.43  The  only  point  to 
be  emphasized  here  is  that  this  type  of  defect  generally 
plays  a  minor  role  in  the  overall  electron  trapping  scheme. 
For  example,  the  integrated  intensity  represented  by  the 
hydrogen  doublet  in  Fig.  16  is  roughly  104  times  smaller 
than  the  intensity  of  the  sodium-associated  centers. 

E .  Interstitial-Anion  Trapped-Hole  Centers 

42 

As  discussed  by  Weeks  _,  there  is  no  substantive  ESR 
evidence  for  interstitial  0~  -type  defects  in  alkali  borate 
or  silicate  glasses.  Indeed,  there  is  no  reason  to  expect 
the  existence  of  significant  numbers  of  interstitial  oxygen 
ions  in  glasses  containing  '50  molar  %  alkali  oxide.  How¬ 
ever,  when  alkali  borate  glasses  are  prepared  with  alkali 
halide  additions,  there  is  ample  evidence  that  the  halide 
ions  take  up  interstitial  positions.9-13  When  these  halide- 
loaded  glasses_are  irradiated  at  room  temperature,  sizeable 
numbers  of  hal  „  molecular  ions  are  produced,  suggesting 
L he  react  ions J 


hal" 

hi.  .  o 
•hal  +  e 

(8) 

hal0 

+  hal  •  halg  . 

(9) 

The  second  process  would  depend  on  thermally  activated 
diffusion  of  the  radiation  produced  hal°  to  the  site  of 
another  hal  .  Griscom  and  Patteni3  have  carried  out  in 
silu  irradiations  near  20°K  with  the  object  of  studying 
these  kinetic  effects. 

Following  irradiation  by  50  keV  x-rays  at  22°K,  X-band 
ESR  spectra  of  high  complexity  were  noted  for  glasses  con¬ 
taining  chloride,  bromide,  and  iodide.  Parts  of  these 
spectra ,  along  with  the  relatively  simpler  spectra  observed 
in  some  fluoride-containing  and  halide-free  glasses,  were 
explainable  as  superpositions  of  the  now  familiar  BOHC  and 
EEC  spectra.  Other  portions  of  the  spectra  were  due  to 

*  1’lie  situation  is  quite  different  for  glasses  containing 
lead.  There  is  ample  evidence  of  radiation  induced  0~-type 
centers  in  lead  borate,  boro-silicate,  silicate,  and  ger- 
maiuite  glasses  containing  ^35  molar  ri  PbO,49 
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Clg,  Bi’2 ,  or  Ig  molecular  ions: 
in  intensity  as  the  samples  were 
easily  identifiable  on  the  basis 
will  be  described  in  Sub-Section 


the  latter  components  grew 
warmed^  to  200°K  and  were 
of  considerations  which 
F . ,  below . 


The  chloride  and  bromide  glasses  additionally  exhibite 
other  distinctive  spectral  features  which  were  interpreted1 
as  arising  from  Cl°  and  Br° ,  respectively.  The  bases  for 
these  identifications  were: 


(1)  Each  spectrum  appeared  to  comprise  a  hyperfine 
quartet  consistent  with  a  nuclear  spin  of  3/2,  as  for  the 
major  isotopes  of  chlorine  and  bromine.  9 

(2)  The  splittings  of  these  quartets  were  very  nearly 
equal  to  the  values  of  A  predicted  on  the  basis  of  pub¬ 
lished  atomic  anisotropic  hyperfine  coupling  constants18,34 
for  the  halogens  present  in  the  respective  samples. 

(3)  Additional  small  splittings  were  observed  in  each 
case  which  were  consistent  with  the  known  relative  abun¬ 
dances  and  nuclear -magnet ic  moments  of  the  appropriate 
halogen  isotopes.  9 

13 

(4)  Isochronal  annealing  experiments  show  that  the 
paramagnetic  species  in  question  are  indeed  precurso  rs  of 
the  dihalogen  molecular  ions  observed  at  higher  temperatures, 
as  predicted  by  Eqs.  (8)  and  (9). 

(5)  Successful  computer  simulations  of  the  chlorine 
and  brpmine  spectra  were  carried  out,  utilizing  the  g-value 
theory0  developed  for  the  isoe lectronic  0  ion  along  with 
published  values  of  the  spin-orbit  coupling  constants19 

lor  chlorine  and  bromine. 


The  ESR  spectrum  observed  immediate ly  after  irradiation 
of  the  chloride-containing  glass  at  22°K  is  shown  in  Fig. 
17a;  some  distinctive  spectral  features  which  are  due  pri¬ 
marily  to  the  BOHC ,  the  BEC ,  11° ,  Cl9,  and  Cl°  have  been  in¬ 
dicated.  Figure  17b  is  a  computer  simulation  of  the  Cl° 
contribution.  Figure  18  presents  the  analogous  results  for 
the  bromide-containing  glass.  Here,  the  computer  simulation 
is  indicated  by  the  dashed  curve:  the  "double -bump’*  struc¬ 
ture  observed  near  4100  G  in  both  the  experimental  and 
simulated  spectra  is  an  isotope  effect.  The  spin  Hamilton¬ 
ian  parameters  used  in  carrying  out  these  simulations  are 
listed  in  Table  III. 


The  computer  simulations  of  Figs.  17  and  18  are  par¬ 
ticularly  useful  in  illustrating  some  of  the  concepts  which 
have  been  presented  in  the  proceeding  Sub-Sections.  Ii  one 
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considers  the  case  of  the  chlorine  atom,  the  highest  occu¬ 
pied  energy  levels  correspond  to  the  3p  orbitals  indicated 
in  Fig.  19a.  If  the  atom  were  in  free  space,  these  levels 
would  be  degenerate.  However,  the  Jahn-Teller  Theorem 
provides  assurance  that  the  same  atom  when  placed  in  a 
solid  matrix  will  experience  unsymmetric  crystal  fields 
such  that  the  orbital  containing  the  unpaired  spin  will  be 
split  upward  from  the  other  two.  Thus,  it  is  an  a  pr i_ov  i_ 
expectation  that  there  will  be  some  splitting  A  (which  need 
not  be  large),  although  the  exact  mechanism  of  the  inter¬ 
action  must  be  inferred  from  the  experimental  details.  As 
discussed  in  Section  IIIE.,  there  is  also  an  a  priori,  ex¬ 
pectation  that  when  the  solid  matrix  is  a  glass  there  will 
be  an  ensemble  distribution  of  A  values,  such  as  the 
Gaussian  curve  of  Fig.  19b,  rather  than  a  single  well-de¬ 
fined  splitting.  Since  Cl°  is  iso-electronic  with  0  ,  one 
may  adapt  the  g  value  theory  lor  the  latter,  this  is 
given  to  a  first  order  approximation  in  Fig.  19c.  (It  can 
be  noted  that  the  form  of  these  equations  is  essentially 
the  same  as  Eqs.  5.)  It  is  immediately  clear  that  the 
symmetrical  distribution  of  A  values  of  Fig.  19b  leads  to 
the  skewed  distribution  of  g  values  shown  in  fig.  19d .  The 
computer  simulation  of  Fig.  17  was  performed  by  computing  a 
separate  spectrum  for  each  point  in  Fig.  19d  and  then 
summing  them  according  to  the  indicated  weighting  factors. 

Once  again,  the  question  of  uniqueness  arises.  It  is 
not  possible  to  fit  any  snectrum  with  an  arbitrary  theory 
by  distributing  enough  parameters?  The  answer  is ,  no,  this 
does  not  follow.  To  see  why,  one  must  focus  his  attention 
on  the  constraints  of  the  problem  as  well  as  the  lreedoms. 
Here,  the  Author  has  constrained  himself  to  use  (i)  a 
Gaussian  distribution  of  A  values,  (ii)  a  simple,  but  un¬ 
bending,  theory  (Fig.  19c),  (iii)  the  correct  value  of  x 
tor  the  appropriate  species,  ( iv )  hyper fine  coupling  con 
slants  in  ranges  not  precluded  by  published  data,  and  (v) 
the  same  assumptions  in  computing  both  the  Cl  and  Br° 
spectra.  Moreover,  it  was  found  that  the  high-field  fea¬ 
tures  of  these  spectra  were,  at  any  rate,  completely  in¬ 
sensitive  to  the  g  value  distribution.  (Conveisely,  the 
"choppiness"  on  the  low-field  side  of  the  computed  spectra 
results  from  the  finite  number  of  points  in  the  gx  distri¬ 
bution.)  Finally,  the  "most  probable"  g  values  for  the  two 
atomic  species  were  found  to  be  related  according  to 

( g i ( C 1° ) )  -  g  (Cl°)  *  v(Cl°) 

(g  ,  ( Br° )  )  -  g it  ( Br° )  x(I3r°) 
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This  indicates  that  the  average  value  of  A  is  apparently 
the  same  (~1.2  eV)  in  both  cases,  suggesting  that  the  glassy 
matrix  is  the  "common  denominator". 

Although  halide  ions  are  not  present  in  significant 
numbers  in  most  oxide  glasses,  it  is  of  value  to  consider 
the  structural  information  to  be  inferred  from  the  above 
results.  The  splitting  A  could  arise  from  an  electrostatic 
interaction  with  two  or  more  positive  ions,  e.g.,  alkalis, 
noncollinearly  arranged  in  the  x-y  plane  (refer  to  Fig.  19a) 
or  from  a  weak,  three-electron  covalent  bond  directed  along 
the  z  axis.  12  Symons^  favors  the  latter  hypothesis,  and 
has  suggested  that  the  weak  bond  may  be  with  an  oxygen.  In 
this  case,  one  may  visualize  defects  of  the  type 

Hal° 


R  R , 

where  R  would  be  a  borate  tetrahedron  or  triangle. 

F .  Interstitial  Di-Halogen-Molecular-Ion  Trapped- 
llold  Centers 

The  di -halogen  molecular  ion,  or  hal^ ,  is  the  end  pro¬ 
duct  of  the  reactions  specif ied_by  Eqs.  (8)  and  (9).  It  is 
interesting  to  note  that  the  Clg  hole-type  defects  are 
highly  stable  at  room  temperature ,  while  the  analogous 
"V-type"  centers  in  alkali  halides  are  not.  This  is  pro¬ 
bably  because  the  glasses  contain  some  very  deep  electron 
traps. 12  xt  seems  very  likely  that  the  glass-bound  Clg  is 
a  true  interstitial:  the  optical  and  spin  Hamiltonian 
parameters  indicatell  that  Clg  in  borate  glasses  is  closer 
to  the  "free"  molecular  species  than  either  the  V.  center 
or  the  II  center  in  KC1.  However,  hair,  in  the  glasses  are 
constrained  not  to  rotate  even  up  to  800°K.H  The  reasons 
for  this  are  not  clear. 

Figures  20  and  21  show,  respectively,  the  X-band  and 
Ka-band  spectra  of  Cl^  centers  in  /-irradiated  alkali  borate 
glasses  Parts  (a)  of  these  figures  are  the  experimental 
spectra  and  parts  (b)  are  computer  simulations  based  on  the 
set  of  spin  Hamiltonian  parameters  listed  in  Ref.  9.  The 
ability  to  obtain  good  computer  fits  at  two  widel\  separated 
frequencies  adds  a  further  dimension  of  confidence  to  the 
spin-Hamiltonian  analysis  which  was  carried  out.' 
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The  electronic  structure  of  the  hal2  defect  is  illus¬ 
trated  in  Fig.  22.  The  splittings  A,  and  in  this  figure 
determine  the  shift  of  gx  away  from  the  free  electron  value 
g  , 19  while  the  energy  E  designates  the  principal  UV 
transition  at  ~  3.7  eV.  Although  these  parameters  do  not 
appear  to  be  terribly  sensitive  to  the  glass  structure,  the 
present  understanding  of  this  defect  permits  its  use  as  a 
probe  for  studying  the  kinetics  of  electron  and  hole  trapping 
in  alkali  borate  glasses  by  tracing  the  relative  populations 
of  various  defect  types  as  functions  of  post -irradiat ion 
thermal  treatment ^ . 

G.  C>2  and  Other  Peroxy  Radicals 
42 

Weeks  has  discussed  the  possibility  of  observing  02 
or  other  peroxy  radicals  (ROg.)  in  irradiat* d  oxide  glasses 
and  has  suggested  that  a  familiar  structureless,  anisotropic 
resonance  with  g||  «  2 . 04  and  glfy2.002  observed  in  irradiated 
silicate^>32  and  borate55  glasses  may  be  due  to  this  source . 
however,  this  hypothesis  has  not  been  confirmed. 

An  ESR  spectrum  which  definitely  arises  from  a  peroxy 
radical  had  been  obtained  from  certain  alkali  peroxyborate 
preparations  which  were  partially  amorphized  in  the  course 
ol  a  solid-state  reaction  which  can  Ke  made  to  take  place 
below  the  melting  point  of  the  matei ial ,54 ,55  This  is  the 
so  called  "Z  resonance"2^ » 54 , 55  which  has  bef*n  attributed  to 
either  interstitial  02  or  the  radical 
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Up  until  very  recently,  resonances  of  this  particular  type 
had  not  been  unambiguously  detected  in  alkali  borate  glasses 
quenched  from  a  melt . 

56 

The  Author  has  studied  a  quenched  glass  having  the 
nominal  composition  70'?  Na20  -  30/  prepared  in  a  manner 

similar  to  that  described  by  Kline. 57  It  is  known  from  NMR 
studies5  >5^  that  all  of  the  borons  in  glasses  of  this  com¬ 
position  are  three  coordinated.  As  indicated  in  Fig.  23,  a 
strong  "Z  resonance"  was  observed5”  in  the  as-quenched  glass: 
this  was  not  enhanced  by  x  irradiation  at  77°K.  These 
findings  are  consistent  with  either  of  the  proposed  models^  > 
54,55  for  the  "Z  resonance"  and  represent  the  first  confirmed 
observation  of  a  peroxy-type  center  in  a  quenched  oxide  glass. 
However,  this  species  may  not  be  a  common  radiat ion -induced 
delect  in  oxide  glasses  as  previously  suggested. 42 
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The  broad,  low-field  "humps”  in  Fig.  23  result  from  a 
broad  distribution  of  g|i  values  .  24 , 54 , 55  This  is  in  con¬ 
trast  to  the  case  of  0^  in  polycrvstalline  Na^C^,  where  24 
discrete  values  of  gr  and  ga  are  represented  Tsee  Fig. 3). 
Computer  simulations  which  corroborate  the  postulated  dis¬ 
tributions  have  been  carred  out^»58  within_the  constraints 
of  the  g-value  theory  developed09  for  the  Op  ion.  The 
physical  reason  for  these  distributions  could  be  related  to 
random  coordination  by  'Iat"  ions  inQ^i19p^2  case’  or  random 
B-0-0  bond  angles  in  the  HO.  case.~/1>4^ 

2 

The  electronic  structure  of  the  Op  molecular  ion  differs 
trom  that  of  the  hal”  (Fig.  22)  in  that  there  are  two  fewer 
electrons  in  the  valence  orbitals.  Thus,  0^  could  be  des¬ 
cribed  by  Fig.  22  by  removing  the  two  uppermost  electrons, 
leaving  the  unpaired  spin  in  the  highest  lying  orbital, 
say,  the  ; r  AB.  Peroxyradicals  ROp  would  differ  only  in  that 
the  it  ”AB”X  orbital  would  be  involved  in  the.  bond  with  R. 

It  isythe  splitting  between  the  v  ‘  and  tt  orbitals 
which  is  critical  in  determining  the  g  shifts. 

11.  Paramagnetic  Oxide-Glass  Defect  Centers  Which  Have 
Not  Been  Observed  in  the~~^Tkali  Borate  System 

As  mentioned  above,  interstitial  O  ions  have  not  been 
detected  in  alkali  borate  glasses  although  they  have  been 
observed  in  glasses  of  high  lead  content.  Interstitial 
0“  ions  have  also  been  suggested^  as  possible  defects  in 
oxide  glasses,  but  they  have  not  y^t  beeo  detected  outside 
of  the  "amorphized"  peroxyborates . “4 ’ ’  °°  An  example  of  a 
delect  which  is  probably  without  any  borate  analog  is  the 
Pp  doublet  observed  by  Weeks  and  Bray^°  in  irradiated  phos¬ 
phate  glasses.  On  the  basis  of  comparisons  with  a  sequence 
ol  isoelectronic  tetrahedral  radicals,  Symons^0  has^attri- 
lnited  the  Pp  doublet  to  structures  comparable  to  PO4  .  As 
discussed  by  the  Author, there  is  no  reason  to  suspect 
the  existence  of  structures  comparable  to  the  pseudoiso- 
electronic  species  BO^  in  borate  glasses. 

One  defect  worthy  of  special  mention  in  the  present 
context  is  the  center  described  by  Mackey  and  coworkers 
in  irradiated,  reduced  sodium  silicate  glasses.  Their  model 
for  this  center. 


N 

/  \ 

SI  Si — 
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is  exactly  analogous  to  one  of  the  models  (Fig.  6)  proposed 
1  or  t he  BOHC ,  i .e . , 


—  B  B~  . 

As  emphasized  in  the  present  paper,  the  existence  of  these 
kinds  of  analogs  in  various  oxide  glass  systems  appears  to 
be  the  rule  rather  than  the  exception. 

What  is  particularly  useful  about  the  center  is  that 
it  provides  a  piece  of  complementary  information,  namely, 
the  spin  density  on  the  bridging  species.  This  is  because 
the  abundant  nucleus  has  a  nuclear  moment --and  hence  a 
hyporfine  interaction  —  vhile  does  not.  Using  the  values 

Aj!  36G  (  =  gr  in  Fig.  6)  and  Ax  ci  2G  given  by  Mackey 
e_t_al®l  and  Sisuming  that  An  and  Ai  have  different  algebraic 
signs,  one  calculates  by  means  of  Eqs.  (6)  and  (7) 

I  (u!2sN> l2  «  0.02 

and 

I  < ^  !  2 pN >  t  2  w  0.74 

14  Ik 

assuming  values  of  A  and  Ap  for  N  tabulated  by  Ayscought0 

These  results  clearly  show  that  the  hole  is  highly  localized 

on  the  bridge,  while  the  high  p-state-to-s-state  ratio  (-37) 

underscores  the  n-like  nature  of  this  defect.  (Recall  1  ha t 

the  rr-orbital  nature  of  the  BOHC  was  inferred  from  less 

direct,  evidence.) 

The  H^  center  bears  another  crucial  similarity  to  t  lie 
BOHC,  that'  is  the  broad  distribution  of  g^  values  (Fig.4), 
attributable  to  variations  in  the  bond  angle  at  the  bridging 
oxygen^O  nitrogen^!  sites.  On  the  other  hand,  g.  gv 

for  the  Itt  center,  1  in  contrast  with  the  case  for  the 
BOHC  (Table  I).  Assuming  the  BOHC  is  indeed  described  by 
Fig.  6  (rather  than  Fig.  7),  this  difference  can  be  explained 
as  follows:  In  Fig.  6,  the  hole  is  bound  to  its  site  in  the 
glass  network  by  the  electrostatic  attraction  of  a  (nega¬ 
tively  charged)  four-coordinated  boron,  at  say,  R.  This  may 
cause  one  principal  axis  of  the  g  tensor  to  lie  close  to  the 
0-R  bond  and,  as  described  in  Ref^  26,  would  lead  to  a  value 
of  g„  g..  In  the  case  of  the  H^  center,  the  hole  is  bound 
to  the  nitrogen  site  by  virtue  of  the  lower  nuclear  charge 
of  the  nitrogen  vis-a-vis  oxygen.  Thus,  since  R  and  R' 
would  be  identical  silicons,  the  symmetry  of  the  structure 
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dictates  that  the  principal  axes  o{  the  (!  tensor  would  be 
the  x,  y.  and  z  axes  in  Fig.  6,  with  the  consequence  that 


V .  SUMMARY 

It  can  now  be  stated  that  all  of  the  generic  types  of 
radiation-induced  defects  in  the  more  common  oxide  glasses 
have  probably  been  identified  and  characterized  by  ESR 
means  Most  of  these  have  been  illustrated  by  examples 
from  the  alkali  borate  system:  Noteworthy  have  been  the 
repeated  instances  of  statistical  distributions  ol  spin 
Hamiltonian  parameters,  stemming  from  the  random  natuie  oi 
the  glassy  state.  The  importance  of  computer  simulation 
techniques  in  elucidating  these  results  cannot  be  over¬ 
emphasized.  Examples  of  useful  structural  information 
gained  from  these  ESR  studies  have  been  given. 
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TABLE  I . 


Spin  Hamiltonian  parameters  for  oxygen  associated 
hole-type  centers  in  a  variety  of  oxide  glasses.-*7 


Material  nucleus 

*1 

g2 

a 

*3 

<A\b 

As 

ref  . 

borate  glass 

1XB 

2.002 

2.010 

2 .035 

0.013 

26 

silicate  glass 

29Si 

2 . 003 

2.009 

2.019 

0.010 

28 

47 

t itanrte  glass  ’ 

|49Ti 

2.003 

2 . 010 

2.022 

d 

29 

germanate  glass 

73Go 

2.002 

2 . 008 

2.051 

d 

30 

phosphate  glass 

31P 

2 . 010C 

a 

0.009 

31 

aluminate  glass 

27 

^'ai 

2 . 009C 

a 

0. 005 

32 

niobate  glass 

93  m 

Nb 

2 .01C 

a 

0.002 

33 

aEach  of  the  glass  spectra  is  evidently  characterized  by  a 
distribution  of  g.,  values,  accounting  for  the  observed  low - 
field  shoulders.  JThe  "average"  g-  value  for  borate  glasses 
was  determined  by  computer  simulation  (Ref.  26);  this 
method  has  not  yet  been  applied  to  the  other  glasses  listed. 


*\'A)  -  (average  measured  hyperfine  splitting)  p±1/3  Tr  (A  . 
Values  for  A  ,  the  atomic  Fermi  contact  coupling,  were 
taken  directfy,  or  extrapolated,  from  the  calculations  of 
Hurd  and  Coodin  (Ref.  34). 


c lor  phosphate,  aluminate,  and  niobate  glasses,  the  only 
available  g  value  is  that  lor  the  centroid  of  the  hyperfine 
mult i pie t  structure ;  this  should  correspond  approximately 
to  the  values  of  g2  listed  for  the  othei  centers. 

i  47  49 

hyperfine  structure  due  to  Ti  ( 8"'  abur  int),  Ti  (5.5b 

abundant),  or  73Ge  (8b  abundant),  if  pre^nt,  may  be 
obscured  by  superhyperf ine  structure  or  other  eflects. 
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TABLE  II.  Spin  Hamiltonian  parameters  for  the  boron  electron 
center  (BEC).23 


Parameter  and 
Measured  Value3, 


<Aiso(liB)>  =  103±2  G 
AAiso(llB)  =  3414  G 


<Aaniso(  B)>  *  10  G 
<«iso>  =  2.001810.0009 

<«aniso>  *  °*°013 


Average  value  of  A. 

b  iso 

Half  width  of  gaussian 

distribution  of  A.  values 

iso 

Average  value  of  A 

amso 

Average  value  of  g. 

Average  value  of  g 

b  baniso 


ti. 

All  measurements  pertain  to  a  glass  of  composition  17.7^ 
K20  -  82.3%  B203.  (A.  (nB))  is  sensitive  to  glass 

composition  (See,  Fig*s?3) . 
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TABLE  III.  Spin  Hamiltonian  parameters  for  Cl  and  Br 
isolated  at  22°K  in  x-irradiated  potassium 
halide-potassium  borate  glasses.  ^ 


Isotope 

a 

8„ 

b 

Si 

A ,]  ( G ) 

Ai(G)C 

AH  (G)d 

p-p 

\(cm  'Se 

35C1 

1.997 

2.063 

122 

61 

11.5 

440 

81Br 

1.909 

2.26 

485 

229 

34.5 

1842 

<1 

‘Not  corrected  for  effect  of  nuclear  quadrupole  interaction. 

l>"Most  probable"  value,  given  the  assumed  value  of  Ax. 

cThese  values  do  not  constitute  "measurements";  they  were, 
however,  used  in  carrying  out  the  computer  simulations  of 
Figs.  17  and  18. 


dPeak-to-peak  derivative  linewidths  of  the  Lorentzian 
convolution  functions  used  in  computing  the  spectra  of 
Figs.  17  and  18. 


eGiven  in  Ref.  19  (p.  180). 
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SCHEMATIC  OF  AN  OXIDE  GLASS 


(a)  Before  Irradiation 


(b)  After  Irradiation 
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Rira»rbc  Network  Formers  =  Si,B,P,  Ge,  Al, ... 

Cs  Network  Modifier  =  Li, Na, K,Rb,Cs,Ca, Mg, Sr, ... 


Fig.  1  -  Schematic  diagram  of  an  oxide  glass  showing  several  types  of  radiation- 
induced  paramagnetic  centers  in  their  relationships  with  pre-existing  defects 
such  as  an  oxygen  vacancy,  a  non -bridging  oxygen,  and  substitutional  impurities. 
Dashed  “baloons"  enclose  regions  of  high  probability  density  for  the  trapped 
electrons  (e)  or  trapped  holes  (h).  This  figure  illustrates  the  locally  charge- 
compensated  nature  of  the  trapped  species.  It  should  be  noted,  however,  that  the 
individual  trapped  holes  and  elec  trons  are  assumed  to  be  much  more  distant 
from  one  another  than  shown  here. 
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Fig.  2  -  “Flow  diagram”  illustrating  a  typical  approach  to  the 
study  of  radiation  damage  and  structure  in  glassy  materials  by 
means  of  electron  spin  resonance  techniques. 


t 


147 


Hg.  3  -  ESR  “powder  pattern”  for  a  paramagnetic  center  characterized 
by  an  axially  symmetric  g  tensor  and  no  hyperfine  interactions,  (a)  Ab¬ 
sorption  line  shape  assuming  zero  single -crystal  line-width,  (b)  First 
derivative  of  (a).  Noisy  curve  is  an  experimental  first -derivative  spec¬ 
trum  for  a  sample  having  a  finite  single-crystal  width. 
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Fig.  4  -  An  analysis  of  the  X-band  (9  GHz)  ESR  spectrum  of  the  boron- 
oxygen  hole  center  (BOHC)  in  irradiated  alkali  borate  glasses.  The  un¬ 
broken  curve  in  (a)  is  the  experimental  spectrum  for  a  20%  K2O-80% 
B2°3  Elass  x-irradiated  at  77° K  and  bleached  with  IR  light.  The  dashed 
curve  in  (a)  is  a  computer  simulation  2(5  based  on  the  powder  patterns 
shown  in  (b)  and  the  distribution  of  g  values  shown  in  (c).  Because  the 
width  W  of  the  g3  distribution,  expressed  in  units  of  magnetic  field,  is 
greater  than  the  hvperfine  coupling  constant  A3,  no  hyperfine  structure 
is  discernable  on  the  low-field  shoulder  in  (a). 
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(0) 


Magnetic  Field  (kGauss) 


Fig.  5  -  X-band  ESR  spectrum  of  a  50%  Li2O-50%  glass,  y  - 
irradiated  at  77°K.  (a>  Experimental  spectrum,  (b)  Computed  spec¬ 
trum^®  (c)  Distribution  of  g  values  used  in  carrying  out  the  simu  - 
lation. 
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Fig.  6  -  Schematic  of  a  bridging -oxygen  trapped-hole  center.  Left: 
steric  picture.  Right:  electronic  energy  levels.  As  indicated,  the 
unpaired  spin  would  be  in  the  non -bonding  TT?  orbital. 
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Fig.  7  -  Schematic  of  a  non-bridging-oxygen  trapped -hole  center. 
Left:  steric  picture.  Right:  electronic  energy  levels.  The  mecha¬ 
nism  responsible  for  the  splitting  A2  is  not  known. 
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MAGNETIC  FIELD  (GAUSS) 

Fig  8  -  X-band  ESR  spectra  for  glasses  of  composition  17 .7%  K20-82.3%  B2C>2 
obtained  under  various  conditions.  Top  spectrum:  Glass  of  normal  isotopic  abun¬ 
dance,  x-irradiated  and  observed  at  22°  K.  Bottom  spectrum:  Glass  enriched  in 
10B,  x-irradiated  at  22°  K,  warmed  to  90°  Hand  observed  at  70°  K.  Dashed  curves 
are  portions  of  the  same  experimental  spectra  recorded  at  high  gain.  (Qualita  - 
tively  similar  results  were  obtained  at  other  temperatures  below  ~100°K.) 


Fig.  9  -  A  model  explaining  the  qualitative  features  of  the  BEC  spectrum, 
(a)  Experimental  first -derivative  spectrum  (shape  of  mj  =  +1/2  compon  - 
ent  is  inferred),  (b)  “Stick  Diagram”  defining  the  average  g  value(g)  and 
the  average  1b  hyperfine  coupling  constant  <A>  .  Here,  the  effect  of  a 
distribution  of  coupling  constants  is  illustrated  in  terms  of  its  effect  on 
the  (undifferentiated)  absorption  spectrum.  A  bell-shaped  distribution 
having  a  width  at  half  maximum  equal  to  a  results  in  widths  for  the  indi  - 
vidual  hyperfine  lines  equal  to  1/2  a  for  the  mr  ±  l/2  peaks  and  3/2  a 
or  the  mj  -  ±  3/2  peaks.  The  latter  are  accordingly  lower  in  amplitude 

t  an  the  former  by  a  factor  of  9  if  no  other  line  broadening  mechanisms 
are  considered. 
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3000  3100  3200  3300  3400  3500 

MAGNETIC  FIELD  (GAUSS) 

Fig.  10  -  X-band  ESR  spectrum  of  a  17.7%  K2  0-82.3%  B2  O3  glass,  enriched 
to  98.4%  11B,  x-irradiated  and  observed  at  77°  K.  Dashed  curve  is  a  computer 
simulation  of  the  BEC  contribution,  based  on  the  parameters  listed  in  Table 
II.  (Weak  lines  split  by  ~  500  G  are  due  to  atomic  hydrogen.) 
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BORON -I I  COUPLING  CONSTANT  (GAUSS) 


MOLAR  %  ALKALI  OXIDE 

Fig.  13  -  Variation  of  <Aiso  (HB»  with  glass  composition.  Curves  per¬ 
taining  to  the  BEC  in  the  lithium,  sodium,  and  potassium  borate  glass 
systems  are  indicated  by  Li,  Na.andK.The  circles  with  an  inscribed  “C” 
refer  to  measurements  performed  on  lithium  borate  polycrystalline  com- 

pounds.  (These  data  should  be  treated  with  certain  cautions  described  in 
net.  23.) 
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Fig.  18  -  X-band  ESR  spectrum  of  an  8.3%  KBr  -  12.7%  K20  -  79%  B>03 
glass  immediately  following  x-irradiation  at  22°  K.  Dashed  curve  is  a 
computer  simulation  of  the  Br°  contribution. 
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Fig.  19  -  (a)  Schematic  diagram  defining  the  splitting  A  of  the  p^Py^  1  ground 
state  of  atomic  chlorine  isolated  in  a  rigid  matrix.  An  environment  having  nearly 
axial  symmetry  about  the  z  axis  is  assumed,  (b)  Distribution  of  Avalues  estimated 
to  characterize  the  ensemble  of  chlorine  atoms  contributing  to  the  spectrum  of 
Fig.  17a.  (c)  First-order  expressions  for  the  g  values  of  matrix -isolated  halogen 
atoms,  where  gfe  is  the  free  electron  g  value,  X  is  the  spin-orbit  coupling  con¬ 
stant,  and  jJ  is  a  constant  of  the  order  of  unity  (determined  in  this  case  to  be 
~0.7).  (d)  g  values  and  weighting  factors  (g  ,  only)  derived  from  (b)  and  (c)  and 
used  to  compute  the  spectrum  of  Fig.  17b. 
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First  Derivative  of  ESR  Absorption 


uoudJOtqv  aS3  *° 


12.5  126  ,z? 

Magnetic  Field  (  KGauss  ) 

Fie.  21  -  Ka-band  ESR  spectrum  of  an  irradiated  glass  prepared  from 
KC1  and  B203 .  (a)  Experimental  spectrum,  (b)  Computed  spectrum  or 

Clo  centers? 
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Fig.  22  -  Schematic  of  a 
Right:  electronic  energy 
the  oz  anti-bonding  orbii 


Fig.  23  -  ESR  spectra  obtained  at  77°  K  for  amorphous  borates.  Dashed  curve: 
“amorphizcd”  sodium  peroxyborate.  25,54,55  Unbroken  curve:  a  quenched, 
unirradiated  glass  of  nominal  composition  70%  Na20  -  30%  BgOg .  56  Both 
spectra  were  obtained  at  a  microwave  power  level  of  100  mW  in  order  to  sat¬ 
urate  overlapping  resonances  due  to  Ojj  in  the  former  case  and  Cu2+  (bumps 
near  3.2  kG)  in  the  latter.  (Due  to  probable  exchange  effects,  this  type  ofper- 
oxy  radical  is  not  itself  easily  saturable.)  24,  55 


STRUCTURAL  AND  ELECTRICAL  PROPERTIES 
OF  CHALCOGENIDE  GLASSES 


Structural  Properties 


P.  C.  Taylor 
S.  G.  Bishop 
D.  L.  Mitchell 

The  basic  structural  properties  of  vitreous  materials 

'T1'1  “  ilrslTX  dnSa?Uoh„ltrdieesbof,B?a^eSU) 
over°tour  decades  ago.  Although  the  "nation »  n*be- 
ot  many  constituent  atoms  in  “utron 

best  represented  by  an  aggr^t ion  °1  BOg  triang  n 

^oionloxLerS  sfTh sam VaLcTuesU^n  can  bo  ashed 
concern! ng*  t he  '  s t  r  uc  t  ure  ot  many  other  glassy  materials  in- 
eluding  the  broad  class  of  semiconduct  mg  « c^C0^J^ides 
glasses .  These  glasses,  based  on  th^  sulfid  ^  1  ^ 

and  tellur  ides  of  the  arsenic  f^^^^ears  re- 

ffi.w1rss5.9s 

TscZllZ  and 

liquid  states . 

Randomness  is  ol  course,  fundamental  t,o  any  description 
periodicity  d^'p^el^Jbo  existed 
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ol  fundamental  structural  units  (local  structural  order) 
which  may  be  linked  in  a  random  fashion  to  form  the  bulk 
material.  The  basic  questions  which  arise  are  how  large  are 
these  fundamental  structural  units,  are  they  related  to 
structural  units  in  the  crystalline  modification,  and  how 
are  they  linked  together?  Many  of  the  chalcogenide  glasses 
are  based  on  crystalline  compounds  which  have  either  one¬ 
dimensional  chain  structures  or  two-dimension  layer  struc¬ 
tures.  In  such  glasses  there  is  perhaps  greater  hope  of 
unambigiously  determining  the  basic  structural  units  and 
their  relationship  to  the  structure  of  corresponding 
crystalline  compounds. 

In  attempting  to  determine  the  basic  structural  pro¬ 
perties  of  glasses  three  approaches  have  proved  effective. 
First,  the  properties  of  a  glass  may  be  compared  with  its 
crystalline  modification  when  one  exists.  Second,  the  be¬ 
havior  of  a  glass  below  the  glass  transition  temperature , 

T  ,  may  be  compared  with  its  behavior  in  the  liquid  phase 
aSove  Tr  and  also  above  the  melting  point  of  the  correspond¬ 
ing  crystalline  compound,  T  ,  when  one  exists.  Third, 
glasses  of  different  compositions  spanning  a  glass-forming 
system  may  be  studied,  in  order  to  detect  changes  in  physi¬ 
cal  properties  which  may  be  related  to  structural  changes. 
All  three  of  these  approaches  have  been  utilized  in  the 
research  on  the  structural  properties  of  chalcogenide 
glasses  described  in  the  present  article. 


EXPERIMENTAL : 

The  far  infrared  studies  were  performed  on  a  Perkin- 
Elmer  Model  301  grating  monochromater  and  on  a  Research  and 
Industrial  Instruments  Corporation  interferometric  spectro¬ 
photometer.  Transmission  measurements  above  T  were  made 
using  high  temperature  cells  employing  si liconkwindows( b >  . 
Nuclear  Magnetic  Resonance  measurements  were  performed  using 
a  Varian  Model  4200  wide  line  NMR  spectrometer  in  conjunc¬ 
tion  with  a  Nicolet  Model  1074  signal  averager.  A  gas  flow 
system  was  used  to  obtain  the  high  temperature  NMR  spectraC). 
Nuclear  quadrupole  resonance  measurements  were  obtained  wit  i 
a  pulsed  NMR  spectrometer^  . 


RESULTS  AND  DISCUSSION : 

A.  Infrared  Vibrational  Modes  in  Chalcogenide  Glasses 


Most  chalcogenide  glasses  display  well  defined  vi¬ 
brational  absorption  peaks  in  their  infrared  spectra ( 8-10 ’ . 
In  glasses  based  on  layer  (two-dimensional)  or  chain  (one¬ 
dimensional)  structure  compounds  these  peaks  are  about  a 


170 


factor  of  ten  broader  and  slightly  higher  in  frequency  than 
those  of  the  corresponding  compounds.  In  addition  the  line- 
shapes  of  these  vibrational  modes  in  the  glasses  are 
Gaussian  and  not  Lorentzian  as  observed  in  crystalline  ma¬ 
terials.  Figure  1  illustrates  the  Gaussian  character  of  the 
absorption  peaks  in  two  representative  glasses,  one  based  ori 
a  layer  compound  (As9Seo)  and  one  based  on  a  chain  (primari¬ 
ly)  compound  (Se) .  Hereafter  such  glasses  will  be  referred 
to  as  layer-type  and  chain-type.  In  Figure  1  the  natural 
log  of  the  product  ol  the  absorption  constant  a  and  the  in¬ 
dex  of  refraction  n  is  plotted  versus  the  natural  log  of 
the  frequency  in  cw"^  The  quantity  no  is  related  to  the 
conductivity,  a  in  D  ^"cm”1  by  the  following  equation: 
no  =  I20rra . 

Glasses  which  are  entirely  1  etrahedrally  coordinated 
do  not  follow  the  pattern  described  above.  In  vitreous 
SiOr,  the  vibrational  absorption  modes  retain  the  Lorentzian 
shape  (Fig.  1)  obs^rv^d  in  the  various  crystalline  modifi¬ 
cations.  In  the  tetrahedrally  coordinated  glasses  of  the 
system  Cd-Ge-As  and  Cd-Ge-P,  no  well  defined  vibrational 
modes  are  observed^-1-!'  . 


on 


The  Gaussian  nature  of  the  vibrational  modes  in  layer 
and  chain-type  chalcogenide  glasses  is  a  matter  subject  to 
some  debate.  On  the  basis  of  reflectivity  studies  of 
As0S„  and  As0Se^  and  transmission  studies  of  thin  evaporated 
films  of  As9Se„,  Lucovsk> ^ 12 >  has  interpreted  the  vibration¬ 
al  modes  in  these  glasses  in  terms  oi  Lorentzian  oscillators 
with  large  damping  coefficients.  However,  this  interpreta¬ 
tion  cannot  explain  the  transmission  spectra  of  thicker 
films  (50  -  250  g)reported  by  several  aut hors t 10 * iJ > 14 ' . 

The  situation  is  summarized  for  the  absorption  around  220 
cm"l  in  vitreous  As9Se„  in  Figure  2.  In  this  figure  the 
natural  log  of  the  absorption  coefficient  is  plotted  versus 
wave— number.  The  open  circles  are  the  data  of  Lucovsky 
thin  evaporated  films.  The  remaining  data  are  due  to 
Taylor,  Bishop  and  MitchellU0)  ,  Zlatkin  and  Markov''1*' 

Austin  and  Garbitt ^ ' .  A  solid  line  through  the  data  points 
indicates  the  Lorentzian  fit  obtained  by  LucovskyO2)  in 
applying  an  harmonic  oscillator  model 
spectrum  of  glassy  As„Se„.  There  are 
tributing  to  the  absorption  in  Fig.  2 
246  cm-1.  The  dashed  line  represents 

but  ion  of  narrow  (small  damping  constant)  Lorentzian  os¬ 
cillators  employed  by  fay lor,  Bishop  and  Mitchell  >  in 
fitting  their  reflectivity  and  transmission  data.  Again, 
two  Gaussian  distributions  centered  at  213  and  252  cm 
Pave  been  assumed.  It  appears  that  the  data  can  be  better 
accounted  for  by  assuming  a  Gaussian  distribution  of 


and 


to  the  reflectivity 
two  oscillators  con¬ 
centered  at  218  and 
the  Gaussian  distri- 
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Lorentzian  oscillators  whose  damping  coefficients  are 
approximately  those  of  the  corresponding  modes  in  the  re 
lated  crystalline  compound. 


Several  parameters  of  physical  significance  can  be 
determined  by  fitting  the  infrared  absorption  spectra  of 
chalcogenide  glasses .  These  parameters  include  the  halfwidth 
at  1  e  of  the  Gaussian  line  r,  the  contribution  to  the  low 
1  requer.cy  dielectric  constant  Ac,  the  center  frequency  of 
the  Absorption  vQ  ,  and  an  estimate  of  the  Lorentzian 
damping  coefficient  y.  The  values  of  these  parameters  for 
several  chalcogenide  glasses  are  listed  in  Table  1. 

One  will  note  that  the  differences  between  the 
Lorentzian  and  Gaussian  interpretations  are  not  merely 
academic.  For  example,  the  central  frequencies  of  the  two 
As  Se  hnes  o  Figure  1  are  213  and  252cm-l  in  the  Gaussian 

1  and  218  and  246  cm_1  in  the  Lorentzian  scheme.  In 

contributions  to  the  dielectric  constant  are 
substantially  different  for  the  two  interpretations*^,  12)  . 

The  physical  significance  of  the  Gaussian  halfwidth 
remains  an  open  question.  The  most  plausible  explanation 
is  that  the  removal  of  translational  symmetry  allows  in- 
ernal  electric  fields  to  develop  in  glasses  composed  of 
chains  or  layers  with  anisotropic  polarizabilities.  In  a 
simple  classical  picture,  these  internal  electric  fields 
create  an  ensemble  of  force  constants  which  in  general 
would  be  stiffer  than  the  force  constants  in  the  structural¬ 
ly  periodic  case  (Lyddane-Sachs-Teller  effect'^-”)).  The 
slight  shift  to  higher  frequency  of  the  vibrational  modes 
m  glasses  is  in  agreement  with  the  predictions  of  the 
mode  1 . 


The  increase  in  width  and  shift  to  slightly  higher  fre 
quency  of  the  vibrational  modes  in  As9S„  and  As0Se0  glasses 
with  respect  to  the  modes  in  the  crystalline  phisel  is  evi¬ 
dent  m  Figure  3.  Figure  3a  shows  the  reflectivity  specira 
o  crystalline  As2S3  (orpiment)  in  the  two  in-plane  and  one 
out-of -plane  polar izat ions< 17)  compared  to  glassy  As  S  0-2) 
figure  3b  Shows  the  corresponding  spectra  for  crystalline (I* 
and  glassy  As2Se3  where  the  out -of -plane  polarization 
spectrum  for  the  crystal  has  not  yet  been  measured.  In 
analogy  to  the  As2S3  results  one  would  expect  an  out-of- 
plane  mode  occurring  in  crystalline  As9Se9  at  about  275 
cm  i  One  will  note  from  this  figure  that  the  out -of -plane 
crystalline  mode  is  strongly  suppressed  in  the  glassy  phase 
il  it  is  present  at  all. 
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The  vibrational  absorption  spectra  of  glassy  As2S3  and 
ASpSCo  are  very  similar.  In  fact  a  simple  scaling  relation 
exists  between  the  central  frequencies  of  the  vibrational 
peaks  in  these  two  materials.  This  fact  is  not  entirely 
surprising  because  the  two  crystalline  compounds  are  iso¬ 
morphic.  An  harmonic  oscillator  model  provides  a  simple 
explanation  of  the  scaling  relation  between  glassy  ASgS^ 
and  As2Se„.  In  the  harmonic  oscillator  approximation  the 
frequency  oi  a  vibrational  mode  is  proportional  to  Vki 
where  k  is  an  effective  force  constant  and  g  a  reduced  mass. 

If  the  force  constants  in  As2S3  and  As2Se3  are  nearly  identi¬ 
cal,  then  the  frequencies  will  scale  as  g- 1/2  in  these  two 
materials.  In  this  fashion,  one  predicts  V^CASgSe^)/ 
y  ( As^S.j)  =  0.8  while  the  experimental  value  is  ~u.7. 

The  structure  of  crystalline  AsgTe^  consists  of  pucker¬ 
ed  layers  or  ribbons  and  is  not  isomorphic  with  anc* 

As„Se, (19).  Glassy  As^Te^  can  be  formed  in  the  bulk  only  by 
rapid  quenching  techniques(20) ,  and  the  glass  crystallizes 
easily  on  polishing  or  heating.  However,  glasses  in  the 
range  of  compositions  As,Te._  (0.45  <  x  <  0.55)  can  be 
formed  in  bulk  and  are  r^lati^ely  stable.  The  infrared 
spectra  of  As  Te,  glasses  are  essentially  independent  of 
x  and  surpris¥ngxyxsimilar  to  those  of  AsgS^  and  As^Se^  21) . 
Figure  4  compares  the  vibrational  peaks  in  ^s^Te.r  with 
those  in  As2Se3 .  The  peaks  in  As55Se43  are  generally  shift¬ 
ed  to  lower  i requency  and  the  two  peaks  near  200  cm  are 
better  resolved.  Using  the  same  scaling  relation  as  develop¬ 
ed  above  for  As2S  and  As2Se3 ,  one  obtains  V'CAs^Ve^)/ 

'/  (As2Se3)  -  0775  while  the  exper imental  value  is  ~  0.8. 

Th8  applicability  of  the  simple  scaling  hypothesis  to  the 
As  Te,  glasses  is  remarkable,  and  suggests  that  the 
structure  of  these  glasses  resembles  more  the  layers  of 
As2S3  and  As2Se3  than  the  ribbons  of  ASgTCg.  This  conclu¬ 
sion  may  partially  explain  the  difficulty  in  forming  glassy 
As9Te3 . 


The  compositional  dependence  of  the  vibrationa 
in  several  chalcogenide  glass  systems  has  also  prov 
some  useful  structural  information.  In  the  As2S  Se 
system,  a  single  vibrational  mode  is  observed  for  t 
compositions,  As9S3  and  As9Se3,  and  two  modes  with 
frequencies  are  observed  for  all  intervening  compos 
Hie  intensities  of  these  two  modes  are  proportional 
amount  of  end  constituent  (As2S3  or  As2Se3)  present 
mixed  glass.  In  the  more  complicated  system 
Tl2Se  Te.  As2Se  Te3_  two  vibrational  modes  are  pr 
all  g^assei  and  ^hiityto  lower  frequencies  with  inc 
To  content'**'.  In  the  all-Se  glass  oi  this  system 

Y  -  3)  the  two  features  appear  at  213  and  255  cm"l( 
Table  I). 
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In  mixed  crystalline  chalcogenide  alloy  systems,  the 
vibrational  peaks  follow  one  of  two  characteristic  modes  of 
behavior''*^  >  .  They  either  remain  constant  in  frequency  and 
change  in  intensity,  or  they  remain  essentially  constant  in 
intensity  and  gradually  shift  in  frequency.  Mixed  vitreous 
systems  also  exhibit  one  of  these  two  modes  of  behavior. 

The  ASgSe  S  glass  system  shows  the  first  mode  of  behavior 
whiie  the  Tl2SexTe  As2Se  Te  glass  system  displays  the 
second.  Which  mode  a  system  obeys  depends  on  the  band 
structure  and  vibrational  dispersion  characteristics  of  the 
end  compositions^  A  necessary  condition  for  the  first 

mode  of  behavior  is  the  occurrence  of  an  effective  energy 
gap  in  the  phonon  dispersion  curves  of  the  end  constituent 
with  the  lighter  mass  (i.e.,  As2S  in  the  As9Se  S„  system). 
Thus  knowledge  of  the  compositional  dependence  81  tiie 
vibrational  modes  can  in  principal  yield  information  about 
the  band  struct  ore  of  chalcogenide  glasses. 

B.  Temperature  Deperdence  of  Vibrational  Modes 

The  vibrr t ional  modes  in  layer-  and  chain-type  chal¬ 
cogenide  glasses  exist  essentially  unchanged  in  the  molten 
phase  not  only  above  the  glass  transition  temperature,  T 
but  also  above  the  melting  point  of  the  crystalline  phas£ ! 

,  when  one  exists^, 10)  The  vibrational  absorption  spec- 
^  *or  &lassy  As2Se„  is  displayed  in  Fig.  5  at  several 
d liferent  temperatures .  The  strongest  peak  at  217  cm"! 
which  is  actually  a  superposition  of  two  Gaussian  peaks’as 
described  above,  is  unchanged  from  4°K  up  to  G73°K  The 
values  of  Tg  and  Tm  for  As2Se3  are  460  and  033oK,  respective* 


In  glassy  Tl2SeAs„Te„  the  vibrational  modes  also  exist 
unchanged  well  into  the  liquid  phase.  However,  in  this 
material  there  exists  a  temperature  T  above  which  the  vi- 
Drat  ional  modes  abi^uptly  disappear  (5)s(t  =3  480°K  T  = 

359°K ) .  The  disappearance  of  the  vibrational  modes  St  T 
indicates  that  there  is  an  nbrupt  change  in  the  local  s 
structural  order  at  tt.is  temperature  in  glassy  Tl„SeAs  Te 
which  should  be  reflected  in  other  experimental  measurements 
such  as  specific  heat  and  X-ray  or  neutron  diffraction. 

There  is  an  abrupt  change  in  the  slope  of  the  viscosity 

CU-V?nilnT7  VS‘ro£T  ln  many  chalcogenide  glasses  near 
71  1000  poise  I  5).  This  break  in  viscosity  is  attributec 

to  a  change  in  bonding  configuration  because  there  are 
distinctly  different  activation  energies  for  dissociation 
above  and  below  the  abrupt  change  in  slope^25).  The  tem¬ 
perature  T  tor  glassy  TlgSeASgTe.,  occurs  very  near  this 
neak  m  viscosity ,  and  the  two  phenomena  may  very  well  be 
related.  If  there  is  indeed  a  relation  between  tiie  change 
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in  the  dissociation  energy  and  the  change  in  local  structure 
order,  then  one  would  predict  a  disappearance  of  the 
characteristic  vibrational  modes  in  many  chalcogenide  glass¬ 
es  at  elevated  temperatures.  In  particular,  from  viscosity 
measurements >20)  one  would  anticipate  the  temperature  T 
to  occur  near  725°K  for  liquid  As2Se3  although  no  measure¬ 
ments  nave  as  yet  been  made  near  this  temperature. 


Many  of  the  infrared  results  discussed  above  suggest 
that  remnants  of  the  layer  or  chain  structures  of  specific 
chalcogenide  compounds  are  retained  in  the  corresponding 
glasses  and  that  these  vitreous  materials  are  not  well  des¬ 
cribed  by  a  three  dimensional  random  network  model  as  has 
been  suggested '*■“  * 2** )  .  Suppression  of  only  the  out-ol'- 
plane  vibrational  mode  in  glassy  As2S„  suggests  the  presence 
of  warped  layers  in  this  material.  ^Tne  shift  of  vibrational 
modes  to  hig  ler  frequencies  in  As2S3  and  As2Se„  glasses  s 
consistent  with  the  assumption  of  locally  anisotropic 
polarizabilities  which  could  result  only  from  the  presence 
ol  layers  and  not  from  an  isotropic  random  network.  Re¬ 
tention  of  the  vibrational  modes  above  the  crystalline 
melting  point  T  in  As2Se3  suggests  that  remnants  of  layers 
are  even  present  in  the  liquid  phase  but  may  well  disappear 
abruptly  at  some  elevated  temperature  as  one  could  infer 
from  the  abrupt  disappearance  of  the  vibrational  modes  ii 

ISnTCn  at  T  . 

s 


liquid  TlgSeAtg^'-'o 


Several  additional  experimental  results  lend  support  to 
the  layer  and  chain  hypothesis.  The  structures  of  Vitreous 
S  and  So  have  long  been  described  as  mixtures  of  rings  and 
chains^27).  Layers'^®'  and  chains^20)  have  also  been  in¬ 
voked  to  explain  the  low  glass  transition  temperature  of 
many  chalcogenide  glasses.  According  to  this  interpretation 
the  abrupt  change  in  viscosity  at  T r  is  due  to  the  breaking 
of  the  weak  van  der  Waals  forces  between  chains  or  layers 
while  the  change  in  slope  of  the  lp  vs.  1/T  plo*  below 
71  "  10J  poise  is  attributed  to  the  break-up  of  i he  layers 
themselves^5 ,28 ,29)  .  Optical  properties  of  glassy  As2S„ 
and  As2Se3  in  the  1  -  14  eV  range  show  that  the  effect  oT 
disorder  on  the  electronic  structure  is  very  slight  and 
again  supnort  the  existence  of  layer  segments  in  these 
glasses ^  .  X-ray(32)  and  neutron'****'  diffraction 

studies  have  been  interpreted  as  indicating  that  the  local 
structure  of  As9Se3  glass  looks  very  much  like  crystalline, 
layered  As2Se3  out^to  at  least  20A.  As  will  be  seen  in  the 
following  section  nuclear  magnetic  resonance  (NMR )  results 
in  both  the  glassy  and  liquid  phases  also  support  the  pres¬ 
ence  of  layers  and  chains  in  many  chalcogenide  glasses. 


i 


I 
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c.  Nuclear  Magnetic  Resonance  in  Chaleogenide  Glasses 

Early  investigations  of  the  extent  of  glass -forming 
egions  in  glass  systems  containing  As-S  or  As-Se  and  a^ 
Im'delemenl  showed  that  particularly  large  regions  exist 
or  the  addition  of  Tl™).  The  thallium  nuclei  are  oai 
indU|1frly  we(U"sulted  for  nuclear  magnetic  resonance  Studies 

,SlS!?teX1Stenfe  °f  A»-S«-T1  Blasses  over  large  langfs oi 
mposit ions  makes  it  possible  to  apply  NMR  techniauos  tn 

NMR  spectra1  provide b°n?inS  ^onf ^^at ions  in  these  materials 
^pectra  provide  information  concerning  short  ranee 

primarily  nearest-neighbor)  structural  configurations  and 

in  contrast  to  X-ray  diffraction  spectroscopy!  the  SMS’ 

technique  is  not  hampered  by  the  absence  oblong  range 

structural  penodicitv  in  glasses  and  liquids  There  are 

i«h”SST-1?/2OPe2  01  thal“™'  Tl2“\nd  Tl2^!  hoth 

the^MR  spectra  of  Tl203U“d°T1205  ^S^i?“a?ge  Chemical 

“"‘''“thamjTcheml^ 

Sd”gA^s?hSif  i^rr  rde-LLh Ms, 

Of  the  local  ordcTwcU^tfu*  uTZMlV' 

Rwa  saK&XSSRBST* 

ponent  of  the  chemical  Qhift  °  ,  *  The  second  corn- 

contribution  which  ariseJ  JJom  theStntn  °fder  ParamaSnet ic 
Held  with  excited  paramagneUc 

into  the  ground  state  by  ec  at  r  J  mlXed 

neighboring  ions  Tt  ii  fi,  rectrostat  ic  interaction  with 

in  a  2°sSUo?d  rel?tive  to  the  resonance  position  of  Tl^ 

In  a  2.5  molar  solution  of  Thallium  acetite  in  water<35). 

(  |All|/,n^f  ^1“sJ°f  the  is°tropic  chemical  shift 

pseudo-binary  system  (T1  Sef'tAs^e  ?even  Bosses  in  the 
o.l  to  0.67.  Two  facts  ?;eS,;?die3'l-x  wlth  *.  ranging  from 

the  large  paramagnetic  chemical  shift  of  11205*  i  Tlrst  ’ 
Oi  Uie  system  indicates  tiiai  ,  ,  11  ln  a11  glasses 

covalently  bonded  ?o  the  netwm’k  SollZ 

in  the  magnitude  of  the  chemical  'shift  at ’x  -  O.^indicateT 


176 


1  hat  the  thallium  atoms  are  undergoing  an  abrupt  change  in 
local  environment  near  this  composition.  The  thallium  sites 
in  glasses  with  x<  0.3  are  somewhat  less  covalent  than  those 
lor  0.3 . 


Additional  evidence  for  identifying  the  chemical  shifts 
lor  x<  0.3  as  somewhat  less  covalent  is  provided  by  a  com¬ 
parison  with  chemical  shifts  measured  in  thallium  halides 
In  largely  covalent  thallic  chloride  (T1C1„)  the  chemical’ 
shift  is  nearly  identical  with  that  observed  in  the 
<  T^Se  )x  (As^Se^  )  t  _x  glasses  with  x>0.3.  In  ionic  thallous 
c  hloi ido  (TIC  17  the  absolute  value  of  the  chemical  shift  is 
only  slightly  less  than  that  in  the  glasses  for  x'0.3.  One 
might  conjecture  from  these  comparisons  that  the  thallium 
atoms  enter  the  glass  as  Tl+1  ions  for  low  thallium  content 
(x  0.3)  and  as  T1  ions  for  high  thallium  content  (x>0.3). 


The  observed  change  in  thallium  chemical  bonding  near 
0,3  fS  ^fleeted  in  at/nr^st  one  other  physical  property. 
Data  do  to  I'laschen  et  al.'^h)  on  tjie  temperatures  at  which 
the  viscosity  ol  glasses  in  this  system  reach  30  poise  (30 
poise  points)  also  show  a  distinct  drop  above  x  ~  0.3.  The 
data  are  not  detailed  enough  to  determine  how  abrupt  this 
change  in  30  poise  temperatures  is,  but  the  implication  is 
t  Iiat  the  depression  of  the  melt  viscosity  for  x>0.3  is 
associated  with  the  occurrence  of  Tl3+  -  like  bonding  con¬ 
figurations  in  this  composition  range. 


77 
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Te  nuclei  can  also  be  observed  by  NMR  in 


in 


Se ’ '  and 

chalcogenide  glasses  aitnougntneir  responses  are  much 
weaker  than  the  Tl20u  signal^37  >38' .  The  two  Sfi77  iines 
Iig.  7  represent  48  hours  of  signal  averaging^3®) . 
chemical  shift  is  again  useful 
Se  or  Te  bonding  configurations1 

selenium  the  NMR  spectrum  is  paramagnet ically  shifted  (lower 
magnetic  field)  relative  to  that  of  Se  in  glassy  As0Se0  as 
indicated  in  Fig.  7.  The  substantial  difference  between 
the  isotropic  chemical  shifts  of  the  Se77  NMR  in  glassy  Se 
and  As2Se3  should  make  it  possible  to  distinguish  between 
Se-Se  and  As-Se  bonds  in  mixed  glass  systems  containing  As 
and  Se . 


The 

fB8(Iistingu!-shing  between 
'  In  solid  glassy 


I) 


T 1 


Tempe nature 
205 


Dependence  of 


<A-V°:|)0 .8“", 

and  As^Se^Idy^: 


,SeAs2Se. 


NMR  Spectra 
(6) 

77 


(Tl2Se)0.2 


NMR  in  vitreous  Tl« 

and  T12SeAs2Te3(36),  and  Se  ”  NMR  in  glassy  Se 
„  o  have  been  studied  well  into  the  liquid 

phases .  Tn  all  of  the  layer -type  materials  (i.e.  excluding 
..«•)  there  is  no  apparent  change  in  the  lineshape  or  the 
chemical  shift  on  passing  through  T  .  These  results 
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indicate  that  the  nearest  neighbor  environments  of  the 
thallium  or  selenium  nuclei,  including  the  covalencies  of 
t  he  bonds,  are  unaltered  on  passing  into  the  liquid  phase. 

77 

NMR  results  for  Se  in  Se  glass  above  Tr  indicate  that 
the  behavior  of  molten  chain-type  glasses  is  Markedly  dif¬ 
ferent  from  the  layer-type  materials.  The  Se77  NMR  line  is 
observed  to  motionally  narrow  in  liquid  Se  in  sharp  contrast 
to  the  unchanged  Se77  lineshape  observed  in  liquid  As2Se0 . 
The  observation  of  the  motional  narrowing  of  the  NMR  spec¬ 
trum  in  liquid  selenium  means  that  the  spectral  broadening 
caused  by  the  site-to-site  variation  in  the  chemical  shift 
interaction  in  solid  glassy  Se  has  been  averaged  essentially 
to  zero  by  the  atomic  motion  or  reorientation  in  the  melt. 
The  occurance  of  motional  narrowing  implies  that,  in  addi¬ 
tion  to  the  breaking  of  weak  interchain  bonds,  the  intra¬ 
chain  bonding  configurations  are  being  disrupted  with 
correlation  times  on  the  order  of  10*'  to  5  x  10“5  t37)sec> 
Because  the  Se77  NMR  line  is  unnarrowed  in  As2Se„  at  tem¬ 
peratures  up  to  400°C ,  the  correlation  times  Tor  local  bond¬ 
ing  configurations  are  greater  than  10~5  seconds  up  to  at 
least  400°C .  At  400°C  the  viscosity  of  As2Se„  is  equivalent 
to  that  oi  Se  at  220°C.  Thus  there  are  substantially 
dillerent  correlation  times  or  atomic  reorientation  rates 
in  layer-type  and  chain-type  chalcogenide  liquids  even  when 
the  (macroscopic )  viscosities  are  equivalent. 

The  intensity  of  the  motionally  narrowed  Se77  NMR  line 
in  molten  selenium  is  shown  in  Fig.  8  where  T  represents 
the  melting  temperature  of  trigonal  selenium  T217°C).  Above 
'I'm  all  ol  the  spins  are  contributing  to  the  narrow  Se77  NMR 
line,  but  below  this  temperature  the  intensity  decreases 
monatonically .  It  is  inferred  that  the  missing  intensity  at 
temperatures  below  220°C  is  transferred  to  a  broad  line 
characteristic  of  the  static  situation  which  occurs  in  the 
solid  glass.  This  broad  line  is  unobservable  in  the 
measurement  configuration  used  to  study  the  narrow  line  at 
elevated  temperatures.  The  gradual  transfer  of  intensity 
I rom  a  broad  to  a  narrow  line  with  increasing  temperat ures 
is  characteristic  of  a  nuclear  spin  System  described  by  a 
distribution  of  correlation  times(40'.  The  solid  line  of 
Tig.  8  is  a  lit  to  the  data  assuming  a  log  normal  distri¬ 
bution  of  correlation  times(38).  At  220°C  the  median 
correlation  time  obtained  from  this  fit  is  5  x  10“5  sec. 

K.  Nuclear  Quadrupole  Resonance  in  Chalcogenide 
Glasses 

75 

The  recent  obsexvation  of  As  pulsed  nuclear  quadru¬ 
pole  resonance  (NQR )  is  vitreous  As2Se3(7)  has  provided  an 
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additional  tool  for  studying  the  local  bonding  properties 
oi  semiconducting  chalcogenide  glasses.  In  addition  to  the 
many  As-containing  chalcogenide  glasses,  those  glasses  con¬ 
taining  Sb  should  also  be  good  candidates  for  study  using 
pulsed  NQR  techniques. 


In  crystalline  As2So  (orpiment)  two  narrow  (~  50  kHz 
half  width)  As75  pulsed  NQR  lines  are  observed  near  70  MHz. 
In  glassy  As^S,,  at  4 . 2°K  one  extremely  broad  line  (3.5  MHz) 
is  observed  near  70  MHz.  From  the  width  and  position  oi 
this  broad  line  compared  to  the  two  narrow  crystal  lines, 
one  may  calculate  the  deviations  in  local  bonding  configu¬ 
rations  surrounding  the  As  sites  in  this  glass.  Specifical¬ 
ly,  each  As  atom  is  bonded  to  three  sulfur  atoms  in  a 
pyramidal  configuration  and  the  As7^  NQR  results  demonstrate 
that  these  pyramidal  units  are  very  well  preserved  in  the 
glass.  The  average  deviation  of  pyramidal  apex  bond  angles 
(S-As-S  bond  angles)  is  less  than  2°  in  glassy  ASgS^  and 


In  addition  to  these  struc- 

a  use  - 

frequency  phonon  modes  in  glasses ( 1  >41 } 


less  than  4°  in  glassy  As2Se2 
tural  implications,  the  NQR  experiments  also  provide 
ful  probe  of  the  low 


Although  magnetic  resonance  (NMR  and  NQR)  studies  of 
cha  cogenide  glasses  generally  probe  only  nearest  neighbor¬ 
ing  interactions,  they  lend  support  to  the  hypothesis  that 
remnants  of  the  layer  or  chain  structures  of  specific 
chalcogenide  compounds  are  retained  in  the  glassy  state. 

The  different  characteristic  motions  occur ing  in  molten  Se 
and  As^Se^  at  equivalent  viscosity  attest  to  a  difference 
in  t he'aimensionality  of  the  long  range  order  in  these  two 
glasses.  Well  defined  pyramidal  units  in  ASgSg  and  AsgSe^ 
are  partial  confirmation  of  the  x-ray  and  neutron  diffrac- 
t  ion  results  which  indicate  that  the  local  order  in  these 
glasses  is  very  similar  to  that  of  the  associated  layered 
crystalline  compounds. 


ELECTRICAL  PROPERTIES 

The  conductivity  spectra  of  chalcogenide  glasses  gen¬ 
erally  exhibit  four  distinct  regions  in  the  frequency  range 
from  dc  to  the  optical  band  edge.  In  order  of  increasing 
frequency,  beginning  at  dc ,  they  are:  Region  I  in  which 
the  conductivity  is  frequency  independent  and  thermally 
activated  with  an  activation  energy  (in  some  temperature 
range)  approximately  equal  to  one-half  the  optical  energy 
gap;  Region  II  in  which  the  conductivity  increases  mono- 
tonic.ally  with  frequency  and  is  relatively  temperature  in¬ 
sensitive  (in  most  cases  the  freq  lency  dependence  is  approx¬ 
imated  by  a  power  law  with  the  exponent  s  ^  1):  Region  III 
in  which  the  conductivity  exhibits  sharp  vibrational 
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absorption  bands;  Region  IV  in  which  the  conductivity  has 
approximately  the  same  frequency  and  temperature  dependen¬ 
ces  as  in  Region  I  but  is  larger  in  magnitude  by  a  multi¬ 
plicative  factor  0  ;  and  Region  V  in  which  the  conductivity 
again  increases  monotonically  due  to  band  edge  absorption. 

These  regions  are  illustrated  in  Fig.  9  for  the  well- 
studied  low  conductivity  glass  (As^Se^)  and  a  high  con¬ 
ductivity  glass  (Tl2SeAs2Te3)  For  convenience,  the  verti¬ 
cal  scale  in  Fig.  1  is  labeled  in  both  conductivity  units 
(o  in  fl-1  cm-1)  and  optical  absorption  units  (na  in  cm-1 
where  n  is  the  index  of  refraction  and  ct  is  the  absorption 
coefficient  in  cm”l) . 

Extensive  experimental  studies  of  the  conductivity  ol 
chalcogenide  glasses  have  been  carried  out  in  the  microwave 
and  infrared  (109  to  1013  IIz).  The  results  of  these  studies 
will  only  be  summarized  in  this  review.  The  restriction  to 
this  fixed  frequency  range  is  somewhat  artificial.  As  can 
be  seen  in  Fig.  9,  Region  I  for  the  Tl2SeAs2Te3  glass  ex¬ 
tends  from  dc  to  10l°  Hz,  and  there  is  no  Region  II.  Region 
II  for  As2Se3  extends  from  a  few  Hz  to  well  into  the  micro- 
wave  range.  Since  the  dc  conductivity  (Region  I)  and  the 
band  edge  absorption  (Region  V)  have  been  discussed  ex¬ 
tensively  elsewhere,  they  will  not  be  discussed  here. 

Region  III  has  been  discussed  in  the  previous  section  on 
structural  properties. 

CONDUCTIVITY  IN  REGION  II: 

Several  physical  mechanisms  have  been  suggested  to  ex¬ 
plain  the  rising  conductivity  observed  in  a  large  number  of 
solids  which  are  disordered  in  some  way.  These  mechanisms 
include  electronic  hopping,  tails  of  vibrational  bands  and 
the  Maxwell -Wagner  effect(42)  .  Although  current  experi¬ 
mental  results  appear  to  favor  the  hopping  mechanism,  the 
available  evidence  is  not  yet  conclusive.  The  nature  ol 
the  problem  is  illustrated  in  Fig.  10  which  shows  the  fre¬ 
quency  dependence  of  the  room  temperature  conduction  for 
As2Se„  measured  in  a  number  of  laboratories'19»4d-4 / ) _  The 
large^dil ferences  at  low  frequencies  may  well  be  due  to 
contamination  by  common  electrode  materials  (Cu,  Au  and  Ag) 
which  dissolve  easily  in  the  chalcogenides '  The  upper¬ 

most  curve  (ref.  47),  is,  in  fact,  for  a  sample  intention¬ 
ally  doped  with  0.2^  Ag . 

The  discrepancy  among  the  microwave  measui’ements  is 
much  smaller  (only  one  order  of  magnitude).  However, 
critical  differences  remain.  For  example,  the  data  ol 
Lakatos  and  Abkowitz(46)  show  a  saturation  or  peak  in  the 
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conductivity  in  the  range  10  to  10l0  Hz ,  while  the  data  of 
Crevecoeur  and  De  Wit  (43)  and  Taylor,  Bishop,  and  Mitchell  (10) 
have  slopes  in  the  microwave  region  oi  approximately  the 
same  value  as  at  lower  frequencies.  Precise  measurements 
in  this  range  are  particularly  important  since  the  three 
possible  physical  mechanisms  lead  to  conductivities  with 
quite  different  behavior  at  high  frequencies.  Hopping  con¬ 
ductivity  would  exhibit  a  maximum  and  then  decrease  at 
higher  irequencies (49) ,  vibrational  tails  would  increase 
monotonically  to  the  vibrational  bands;  and  the  Maxwell- 
Wagner  conductivity  would  saturate  and  approach  a  plateau'**  . 
Further  experimental  measurements  of  the  frequency  and  tem¬ 
perature  dependences  of  the  conductivity  for  well  character¬ 
ized  samples  are  clearly  needed  in  the  microwave  and  milli¬ 
meter  wave  regions. 

CON  DUCT  I VI TY  IN  REGION  IV : 

A  frequency  independent  (approximately)  and  thermally 
activated  optical  absorption  in  the  region  between  the  vi¬ 
brational  absorption  bands  and  the  optical  band  edge  (see 
Fig.  9)  lias  been  reported'^0)  for  glassy  and  liquid 
TlySeASgTCg.  As  seen  in  Fig.  11,  the  room  temperature 
activation  energies  for  the  dc  and  infrared  conductivities 
are  equal  (AE  -  0.35  eV)  to  within  experimental  error  and 
have  a  value  of  approximately  one-half  the  optical  energy 
gap  (E  ~  0*75  eV).  The  equivalence  of  the  activation  en- 
ergies^for  the  infrared  and  dc  conductivities  is  strong 
evidence  that  the  dc  and  infrared  conduction  mechanisms  both 
involve  carriers  thermally  activated  to  extended  states  in 
the  conduction  and  valence  bands.  The  relative  frequency 
independence  of  the  infrared  conductivity  (free  carrier  ab¬ 
sorption)  implies  extremely  short  relaxation  times 
t  (l r  1  for  x  <  1014  Hz,  where  x  is  the  angular  frequency 

of  the  radiation) . 

A  similar  temperature  dependent  optical  absorption  has 
been  observed'  and  analyzed ' ^)  ,  in  liquid  As9Seq  at  high 
temperatures.  In  this  case  the  conductivity  does  exhibit  a 
pronounced  frequency  dependence  which  could  arise  from  a 
tail  in  the  band  edge  optical  absorption  superposed  on  the 
1  roc*  carrier  absorption.  Analysis  of  the  AsgSe^  data  like¬ 
wise  yields  a  value  for  the  infrared  act ivat ion  energy  in 
good  agreement  with  the  dc  value (50'.  This  equivalence 
again  supports  the  identification  of  this  process  in 
As^Se^  as  free  carrier  optical  absorption. 

Although  the  dc  and  infrared  activation  energies  are 
equal  lor  both  T^SeAs^Te^  and  liquid  As^Se^  the  magnitudes 
of  the  conductivities  differ  by  a  factor  p  t?  -  c.  Jz  ^) 
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which  can  be  quite  large  (Tl2SeAs9Te„ ,  q  ~  8  at  300<>K; 

As2Se3  ’  S  -  20  at  800°K> •  T^e  Physical  origin  of  the  factor 
a  nas  not  been  identified.  Possible  mechanisms  include 
strong  in-plane  electron-phonon  coupling  which  leads  to  a 
large  polaronic  effective  mass,  or  inhomogeneous  electronic 
conductivity  which  gives  rise  to  a  generalized  Maxwell- 
Wagner  effect. 


The  fact  that  the  vibrational  and  electronic  properties 
of  these  glasses  do  not  change  noticeably  as  the  temperature 
passes  through  T  suggests  that  these  properties  are  de¬ 
termined  by  the  ?n-layer  or  in-chain  bonding  and  that  the 
layers  or  chains  themselves  may  be  crdered  over  a  signifi¬ 
cant  distance. 
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TABLE  I 


GAUSSIAN  LINESHAPE  OPTICAL  PARAMETERS  1  J*H 
SELECTED  VITREOUS  MATERIALS 


Glass 

(cm  i) 

r3- 

(cm-1) 

b 

(L-b 

o  c 

irax 

( fi-cin )  ” 

Ac1 

Se 

493 

32.5 

<  10 

0 . 06 

_  _ 

365 

d 

d 

0. 06 

-- 

254 

—13 

d 

0.99 

d 

235 

d 

d 

0.58 

d 

135 

~15 

d 

0.55 

d 

120 

d 

d 

d 

-- 

95 

d 

d 

0.32 

d 

As2Se3 

213 

13 

<  5 

27.9 

0.79 

252 

15 

<  5 

9.3 

0.30 

156 

12 

d 

C .  7 

0.03 

102 

19 

d 

3.2 

0.57 

Tl2SeAs2Se3 

255 

20 

<10 

11.9 

213 

25.5 

d 

19.3 

86 

53 

d 

12.6 

Tl„SeAs„TeQ 

246 

18.5 

<10 

6.6 

0.39 

189 

29 

d 

7.1 

80 

47.5 

d 

17.2 

As55Te45 

235 

17 

d 

3  .4 

d 

183 

19 

d 

1.1 

d 

102 

24 

d 

5.3 

d 

70 

32 

d 

1.8 

d 

S  i0o 

1070 

<10 

32 

196 

0.16 

800 

Eio 

50 

28.1 

0.07 

450 

<10 

80 

70.8 

0.84 

CdGeAs2 

-  250 

-125° 

~  20 

d 

a  Hall  width 

at  l/e 

peak  value. 

b  Full  width 

at  hall' 

he ight . 

c  Peak  value  ol  conductivity. 

d  Not  measurable  due  to  overlapping  absorptions, 
e  Full  width  at  hall  height,  line  shape  not  determined. 
1  Contribution  ol  absorption  peak  tc  low  Frequency 
dielectric  constant;. 
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FREQUENCY  (Hz) 


100  300  1000  2000 

WAVENUMBER  (cm-1) 


Fig.  1  -  Conductivity  a  (or  index  of  refraction  times  absorption 
constant  na)  versus  wave  number  for  three  representative  ab¬ 
sorption  peaks  in  glasses  based  on  one-dimensional  (Se),  two 
dimensional  (AsgSe^)  and  three-dimensional  (SiC>2)  compounds. 
Steeply  falling  solid  lines  areGaussianlineshapes;  less  steeply 
falling  solid  lines  represent  Lorentzian  lineshapes.  Both  line- 
shapes  are  fit  to  the  width  of  the  absorption  at  half  height. 
(After  ref.  9.) 
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LORENTZIAN  » 
GAUSSIAN 


140  200  260  320 

WAVENUMBER  (cm-') 

Fig.  2  -  Absorption  constant  (on  a  log  scale)  versus  wavenumber 
in  glassy  AsgSe^  as  abstracted  from  transmission  data  of  the 
following  sources:  circles  from  ref.  12  on  thin  evaporated  films, 
squares  from  ref.  11  on  bulk  samples,  triangles  from  ref.  13  on 
bulk  samples  and  crosses  from  ref.  10  and  the  present  work  on 
bulk  samples.  The  solid  line  is  a  fit  using  two  Lorentzian  oscil¬ 
late!  s  (after  ref.  12).  The  broken  line  is  a  fit  using  twe  Gaussian 
absorption  peaks. 


f*’3;  ComParison  of  the  crystal  and  glass  reflectivity  spectra 
in  (a)  As2S3  and  (b)  As2Se3.  The  crystal  data  for  As9S„  and  As„ 
Se3  are  taken  from  refs.  17  and  18,  respectively.  The  glass  data 
are  from  refs.  22  and  10. 


FREQUENCY  (Hz) 


i-'ip  4  -  Absorption  peaks  in  glassy  Asg-Te^  and  As2Se3  (log- 
log  scale).  The  solid  line  is  a  fit  to  the  data  assuming  Gaussian 
aosorption  peaks  whose  parameters  are  listed  in  Table  I. 
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Fig.  G  -  Magnitude  of  the  Tl205  NMR  chemical  shift  in  (Tl2Se)x 
(AsgSe^)  ^  glasses  versus  composition  after  ref.  6). 


4 

I  , 

i 


Se77  NMR 

v  =8.1310  MHz 


AsgSe^ 


GLASS 


Se  GLASS- 


T  =  300  K 


9990  10,000  10,010  10,020 

H  (GAUSS) 

Fig.  7  -  Se'  '  NMR  spectra  in  solid  vitreous  As2Se3  and  in  molten  Se, 
The  vertical  line  indicates  the  Se77NMR  in  an  H2Se03  reference 
sample35  (after  ref.  38). 


b 


temperature  (after  ref.  38).  The  intensity  has  been  corrected  for  the 
temperature  dependence  of  the  population  distribution  in  the  nuclear 
Zeeman  levels. 
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FREQUENCY  (Hz) 
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° 
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/■ 


FREQUENCY  (Hz) 

Fig.  10  -  A  compendium  of  room  temperature  conductivity  measurements 
for  vitreous  As^Seg  from  102  to  1012  Hz. 


TEMPERATURE  (°C  ) 
400  300  200  100 


I  33-50  /i. 


(cm'1) 


Fig.  11  -  Conductivity  at  dc  and  optical  (infrared)  frequencies  versus 
reciprocal  temperature  in  glassy  and  liquid  T'  2ScAs2TcrjJ®  The  open 
triangles,  circles  and  crosses  represent  data  taken  at  5,  10  and  15um 
(2000,  1000  and  GGG  cm-1)  respectively.  The  solid  triangles  represent 
dc  measurements.  The  slope  of  the  two  solid  lines  corresponds  to  an 
activation  energy  A  E  0.35  eV.  Samp’e  thickness  varied  from  25  to 
8G 


THE  EFFECTS  OF  ION  IMPLANTATION 
ON  THE  STRENGTH  OF  FUSED  SILICA 


G.li.  Sigel,  Jr. 


ABSTRACT 

An  investigation  has  been  made  into  the  possibility  of 
using  ion  implantation  to  achieve  high  strength  glass. 
Optical  and  ESR  measurements  have  been  made  to  study  the 
radiation  damage  which  accompanies  the  implantation.  In 
spite  of  the  shallowness  of  the  ion  penetration,  biaxial 
tensile  tests  indicate  a  strength  incr’ease  in  fused  silica 
following  irradiation. 


INTRODUCTION 


In  many  ways  fused  silica  resembles  the  ideal,  iso¬ 
tropic  elastic  solid.  Failure  is  believed  to  occur  almost 
entirely  by  brittle  fracture  with  little  or  no  plastic  flow 
taking  place.  Theoretically  SiO,,  glass  should  exhibit  a 
cohesive  strength  in  excess  of  I0b  psi ,  but  in  practice 
rarely  approaches  this  value.  Griff ith(D  was  the  first  to 
account  lor  this  discrepancy  in  a  quantitative  manner.  It 
was  postulated  that  failure  originated  at  the  glass  surface 
because  ol  the  presence  of  microscopic  flaws  and  cracks 
which  can  concentrate  the  stress.  The  specimen  fails  when 
stress  at  ttic  crack  tip  exceeds  the  cohesive  strength  of  the 
material.  The  successful  strengthening  of  glasses  depends 
l  lien  on  the  removal  and/or  control  of  these  surface  flaws. 


One  of  the  most  successful  methods  for  controlling 
propagation  of  surface  cracks  has  been  the  surface  com¬ 
pression  strengthening  technique.  Cracks  normally  propagate 
inward  lrom  the  glass  surface  at  right  angles  to  the  max¬ 
imum  tensile  stress.  By  placing  the  surface  in  compression, 
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L lie  sur face  flaws  are  pushed  closed  and  crack  tip  stresses 
are  reduced.  This  technique  can  greatly  increase  the 
strength  of  a  glass.  Thermal  tempering^2)  chemical  ion  ex¬ 
change*'2^)  ,  surface  cladding,  surface  crystall  izat  ion *■ b  > 
are  among  the  specific  techniques  which  have  been  utilized. 

One  method  that  had  not  been  investigated  which  seemed 
to  hoi d  some  promise  was  implantation  of  ions  into  the  glass 
surface  using  high  energy  accelerators.  The  object  was  to 
t  orce  as  many  ions  as  possible  into  t  lie  surface,  thereby 
creating  a  large  surface  compressive  stress.  The  method  lias 
several  obvious  advantages:  1)  A  very  high  concentration 
(1020/ciiV)  can  be  stuffed  into  the  surface,  2)  a  wide 
laltitude  of  species  can  be  implanted  ranging  from  protons 
to  inert  gases.  3)  any  host  glass  can  be  used,  which  is  not 
the  case  tor  example  with  ion  exchange,  and  4)  the  proiile 
can  be  controlled  rather  precisely  by  the  variation  oi  the 
accelerating  potential.  On  the  minus  side  for  the  technique 
is  the  shallowness  of  the  penetration  depth  (a  few  microns) 
and  the  possibility  of  a  degradation  in  strength  due  to 
radiation  damage.  The  implanted  layer  tends  to  be  highly 
damaged  since  the  ions  lose  energy  both  by  ionization  and 
nuclear  collisions.  Linhard  et  al(,)  have  developed  the 
so  called  LSS  theory  to  explain  the  energy  loss  of  high 
energy  ions  travelling  through  a  material.  Because  of  the 
high  defect  densities,  botl  optical  and  ESR  spectroscopy 
can  be  utilized  to  study  tlu*  radiation  centers  in  a  layer 
of  a  lew  microns. 

In  the  present  work  fused  silica  samples  have  been  im¬ 
planted  with  boron,  nitrogen  and  neon  ions.  The  nature  of 
the  radiation  damage  was  determined,  and  tensile  strength 
measurements  were  made  using  both  three  point  bending  and 
biaxial  3  ball  and  piston  techniques. 


EXPERIMENTAL 

Suprasil,  Infrasil  and  GE  125  fused  silica  were  used  in 
the  investigation.  Samples  were  both  disks  and  rectangles 
oi  1  mm  thickness. 

Irradiations  were  pei'formed  using  both  a  small  60-k\ 
and  the  NRL  5-mV  Van  de  Graaff  accelerator.  On  the  larger 
samples,  the  beam  spots  were  electrostatically  scanned  over 
the  samples  to  obtain  uniform  irradiations.  Surface  charge 
buildup  which  can  produce  crazing  of  a  dielectric  surface 
was  eliminated  by  t  lie  production  of  secondary  electrons  at 
the  target  plate".  Samples  were  implanted  with  60  ke\  IV 
and  N*  .  and  1  and  3  MeV2oNef .  Doses  ranged  from  2  x  101'*  to 
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7.7  x  1016  ions/cm2.  Sample  temperatures  during  irradiation 
jvere  below  100OC .  Since  the  irradiations  could  be  made 

not  Chosen  by^  ^  ^  S~  —  loti  llll 


hut  were  those  available  at  the  time 


Cary  mfasu;’°'1ient  '  were  performed  with  a 

Model  si  J4  ‘vm  spectrophotometer  and  a  McPherson 
F?!1t2f  beya  ;Nami°ka  vacuum  ultraviolet  spectrometer 

at  X  S^d  S!t.,a?SS  T  a  ?tlan  I>9  sr,octi'omoter  operating 

■jade  at  room  temperature^ricah  Pnch™“uled\s 

samples1''0  the  7£ nHS  the 


Tensile  stre 
and  piston  tcchni 
sample  rests  on  t 
120°  with  respect 
i torn  above  by  a  s 
mens  were  silica 
This  technique  el 
critical  flatness 
produce  reliable 
are  available. 


ngth  measurements  were  made  using  a  3  ball 
quo  developed  by  Wachtman  et  al^°)  The 
hroe  steel  balls  spaced  equidistant  and  at 
to  one  another.  The  stress  is  applied 
teel  piston  centered  on  the  sample.  Sped- 
disks  of  1"  diameter  and  1/16"  thickness 
iminates  edge  elfects 


for 

data 


test 

when 


and  does  not  require 
specimens.  It  can  therefore 
a  limited  number  of  specimens 


smaller  "specimens.**  I’°i"t  b°"dinB  tosts  on  the 


RESULTS  AND  DISCUSSION 
A)  Radiation  Effects 

Hie  basic  structural  unit  of  fused  silica  is  the  SiO 
tetrahedron.  Two  fundamental  defect  centers  arc  thought^ 
V)  T  r>1|3^ucecl  in  the  radiation  damage  process  of  silica 
ho  breaking  of  a  strained  Si-0  results  in  the  creation  of 
I  wo  complementary  centers  (1)  an  electron  trapped  on  a 
dangling  sp  silicon  orbital  (the  E '  center)'®^  and  a  hole 

tas  £«• 


i’l1®  damage  expected  in  an  ion  implanted  solid  results 
dded  wi  h°nC  and1nU<;loar  loss  mechanisms  asso- 

suriace  Tbo  '°i  paJ. 1 1Cl°  s]owiny'  down  as  it  penetrates  the 
while  nuclear  ^1^ctronie  stopping  proceeds  by  ionization 
et  -ii(R)  have  rin°*,|nn*’  can  produce  displacements.  Linhard 
ct  all")  have  developed  a  theory  which  provides  a  universal 
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nuclear  stopping  power  curve.  From  this  curve  one  can  ob¬ 
tain  a  theoretical  profile  of  the  implanted  species  in  a 
given  target  material.  In  general  nuclear  stopping  is  most 
important  al  low  energies  while  electronic  stopping  is 
linear  with  energy  over  a  wide  range.  Profiles  ol‘  t lie  im¬ 
planted  species  have  not  been  determined  experimentally  tor 
the  implanted  SiC^  samples  used  in  this  study.  However  pro¬ 
jected  range  corrections  can  be  made  on  the  Lss  theory  to 
estimate  penetration  depths.  A  60  keV  implant  into 

Si O2  will  lie  in  the  first  micron  of  the  surf ace.  r  A  2  Mev  ^ 
Ne  ion  will  penetrate  about  2  microns  and  a  3  MeV^°Ne+al)out 
•I  microns. 

High  purity  fused  silica  such  as  Suprasil  exhibits 
very  little  permanent  damage  in  the  presence  of  ionizing 
radiation.  Defect  centers  are  only  transient  in  nature, 
annihilating  in  a  few  mi lliseconds ( H ) .  Doses  of 
2..r>  x  1q1j  60  keV  ions/cm2  and  2  x  101'*  20^e+  did  not 

produce  any  measureable  absorption  bands  in  Suprasil  at 
room  temperature.  There  was  however  evidence  of  increased 
absorption  near  the  ultraviolet  edge.  By  choosing  a  less 
pure  silica  material  (Inlrasil),  permanent  damage  was  ob¬ 
tained  from  a  dose  of  1  x  10lj  60  keV  ions/cm2.  The 

optical  absorption  is  shown  in  Figure  1.  The  band  near  210 
urn  appears  similar  to  the  E'  band  although  shifted  slightly 
to  higher  energy.  The  shift  may  result  from  the  high  densi¬ 
ty  ol  centers  in  the  implanted  layer.  The  higher  energy 
band  near  160  nin  also  seems  to  be  present  as  a  shoulder  on 
till'  edge  ol  the  glass.  The  up  turn  shown  in  Figure  1  near 
160  run  is  probably  an  artifact  resulting  from  the  sub¬ 
tract  ion  of  two  large  numbers  to  obtain  a  small  one. 

ESR  measurements  confirm  the  presence  of  E'  centers 
in  the  ion  implanted  Inlrasil.  Figure  2  shows  the  isotropic 
resonance  measured  following  irradiation  by  1.3  x  1015  60 
keV  |jll  ions/cin-.  The  g  value  and  line  shape  are  almost 
ideal ical  to  that  observed  tor  the  E'  resonance  in  bulk 
material.  A  rough  estimate  of  the  concentration  in  the 
sample  was  obtained,  by  comparison  with  a  weak  pitch  standard. 
A  sample  of  0.33  cm-  cross  section  contained  approximately 
3  x  l(jl2  Sp  ins.  This  indicates  a  defect  center  conccntra- 
t  ion  in  the  10LH  -10l7/cm  . 

Annealing  studies  showed  that  tempex-atures  of  400°C 
were*  suit  ic  lent  to  anneal  out  most  of  the  damage.  This 
temperature  is  sufficiently  low  to  rule  out  the  migration 
of  the  implanted  species  over  large  distances  within  the 
s  i  1  i  cm  . 
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!WVG  UUUfl  16  measure  a 

damage  profile  using  diluted  IIF  etching  and  the  repeated 
measurement  of  the  ESR  signal  of  the  E'  resonance.  The  les 
pure  material  exhibits  a  profile  characteristic  of  the  com¬ 
bined  electronic  and  nuclear  stopping  curve.  This  is  con¬ 
sistent  with  the  observation  mentioned  earlier  that  in  pure 
material,  broken  bands  reheal  quickly  because  of  the  ab¬ 
sence  of  permanent  trapping  sites,  normally  produced  by 
impur  1 1  ies  . 


ST RENGTII  OF  ION  IMPLANTED  SIMPLES 

The  initial  irradiation  oi  SiO?  produces  a  change  in 
density  '  which  is  responsible  for  a  tensile  stress  on 
the  surface.  Density  changes  in  neutron  irradiated  ma¬ 
terials  reach  saturation  at  about  2  x  1020  nvt .  It  is  this 
init  ial  dens i f i cat  ion  that  makes  ion  implanted  silica  use- 
J ul  as  optical  waveguides.  This  is  the  equivalent  dose  of 
about  10  ions/cm  .  Once  this  is  achieved,  the  compressive 
stress  produced  hy  the  ion  stuffing  will  begin  to  dominate. 
In  the  present  work  doses  up  to  7.7  x  1016  20nc+  were  0)}_ 
tained . 

Ihc  stresses  produced  by  the  3  ball  and  piston  biaxial 
flexure  test  at  the  lower  center  of  the  specimen  can  be 
calculated  exactly  by  use  of  Equation  1  developed  by 
Kirstcin  and  Woolley. ( 12 ) 


STRESS  EQUATION  FOR  PI STON -ON -3 -BALL 
BIAXIAL  FLEXURE  TEST 


s  -  -3/4tt 

“2  (x"y) 

(1) 

d 

X  --=  (1+v) 

1 n  ( “7")  2  +  --J—  (»>/c)2 

(2) 

y  =  (l+v) 

1+ ln(—)2  +  ( 1 - v )  (-)2 

c  c 

(3) 

where  S  -  tensile  stress  at  center  of  lower  surface,  p  = 
applied  load,  d  thickness  of  specimen,  a  -  diameter  of 
suppoi  t  circle,  b  —  diameter  oi  piston,  c  =  diameter  of 
specimen  and  v  “  Poisson’s  ratio. 


Samples  oi  optically  polished  GE  125  silica  were  tested 
i oi  st  l  eng t  h  prior  to  irradiation.  Tests  on  25  samples  in¬ 
dicated  an  average  failure  stress  of  2.8  x  10^  psi  with  a 
It  actional  deviation  ol  ♦10.7L.  The  highest  stress  recorded 
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was  3.6  x  104  ps 1 . 

Disks  from  the  same  batch  of  GE  125  silica  were  im¬ 
planted  with  doses  of  7  x  1016/cm2lMeV20Ne+  and  60  keV  N+ . 
the  average  failure  stress  was  4.35  x  104  psi  with  a 
Jractional  deviation  of  ±13.5',;.  This  represents  an  average 
strength  increase  ol  52.4$. 

Three  point  bending  measurements  on  smaller  pieces  in¬ 
dicate  average  strength  increases  l  anging  from  16  to  13a,, 
but  these  show  much  more  scatter. 

\  control  group  of  25  samples  which  irradiated  with 
low  energy  2  keV  electrons  was  observed  to  slightly  decrease 
in  strength  with  an  average  failure  stress  of  2.1  x  10a  psi 
and  a  fractional  deviation  of  ±16.1%. 

I  Inis  in  spite  of  the  initial  contraction  of  SiOQ  to 
radiation,  the  shallow  depth  of  the  implant,  and  the  radi¬ 
al  ion  damage  produced,  there  is  some  evidence  that  Si0o  may 
be  strengthened  by  ion  implantation.  More  data  is  required 
to  settle  this  question.  At  present,  our  access  to  the 
Van  de  (iraal'f  accelerators  is  extremely  limited,  but  plans 
have  been  made  to  perform  a  series  of  tests  on  Pyrex  samples 
it  machine  time  becomes  available. 
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CONCLUSION 


Optical  and  ESR  measurements  of  ion-implanted  fused 
silica  have  indicated  the  presence  of  both  trapped  electron 
and  hole  centers.  The  damage  anneals  at  sufficiently  low 
temperatures  that  the  implanted  profile  should  not  be 
affected.  Tensile  stress  measurements  indicate  some 
strength  increase  in  ion  implanted  samples  which  have  re¬ 
ceived  doses  in  excess  of  10^  ions/cm  .  Further  experi¬ 
mental  work  is  required  to  confirm  this  observation. 
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OPTICAL  DENSITY 


0.3 


DAMAGE  IN  Si02  IMPLANTED  WITH 


Fig.  1  -  Optical  absorption  produced  in  Infrasil  fused  silica.  High  purity 
materials  showed  little  measureatle  absorption  at  this  dose  level. 


RESONANCE  DERIVATIVE  (RELATIVE  UNITS) 


MAGNETIC  FIELD  (GAUSS) 


Fig.  2  -  ESR  signal  sample  as  shown  in  Figure  1.  The  resonance  is 
due  to  E'  centers,  electrons  trapped  on  dangling  silicon  orbitals. 
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